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ABSTRACT
The Northern North Sea and the Patagonian Shelf have similar characteristics, and
their circulation is determined by strong tidal regimes, significant wind-driven flow, and
by density gradients to a lesser degree. The influence o f oceanic currents is notable in the
Patagonian Shelf, where the Falkland Current flows along the shelf edge, but less
important in the North Sea. While the North Sea is perhaps the most studied body of
water in the world, the circulation of the Patagonian Shelf have remained fairly unknown.
This study presents evidence of near-inertial oscillations in the Northern North Sea,
not reported previously, derived from measurements with high vertical resolution in the
presence of the seasonal thermocline. Data mainly from ADCPs and thermistor strings
were processed and analysed, leading to the conclusion that the structure o f these
oscillations corresponds to the first baroclinic mode. Computations of the Richardson
number suggest that mixing occurred during storm events, which caused the oscillations
and hence an enhanced shear at the thermocline.
Given the lack o f direct observations on the Patagonian Shelf, its circulation was
studied by means of numerical modeling. A three-dimensional (3D) model, originally
developed for the North Sea, was adapted and implemented to the Patagonian Shelf. The
model is barotropic and is based on a two-dimensional (2D) vertically integrated tide/surge
model, with the expansion in the vertical following a functional approach with an eddy
viscosity closure related to the flow. The model can be run as 2D or 3D, and for most
cases here it was run as 2D, except when it was used to describe the tidal flow near
headlands. Semidiurnal tides with standing wave resonance were found to dominate, while
diurnal tides exhibited topographically enhanced currents. The simulation o f the Falkland
Current showed large influence on the shelf circulation, and the response of the shelf to
the passage of low pressure centers generated surges and substantial wind-driven currents
with clearly defined patterns.

I
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INTRODUCTION AND RATIONALE

Continental shelf and coastal waters are the environments where applied
oceanographic research has developed throughout the history of oceanography (Bowden,
1983). The need for knowledge of currents and variations in sea level, for navigation,
offshore engineering, fishing industry, oil and gas exploration and exploitation, defence,
recreation, and environmental management, has generated crucial links between
oceanographic research and practical applications.

In the particular cases of fishing and offshore oil and gas operations, when a new
frontier becomes the object of commercial exploitation, there is usually a relatively urgent
need for information on the marine climate. This includes both the meteorological and
oceanographic aspects, which affect the bask: development and success o f such operations.

The Patagonian Shelf recently has become the object of increasing fishery
exploitation and oil and gas exploration. Since this region is in many aspects comparable
to the northwest European Shelf, which has been studied thoroughly, it makes sense to
develop oceanographic studies of the Patagonian Shelf in relationship to what is known
of the NW European Shelf.

The North Sea constitutes the major part o f the NW European Shelf, and its
oceanographic components were characterized by Huthnance (1991). These are the
dominant tides, surges and waves, which form the dynamical background to processes
related to water masses and fronts that respond to the seasonal solar radiation and to
freshwater outflows from major rivers. These characteristics are also present in the
Patagonian Shelf. However, a main feature that occurs at the Patagonian Shelf edge, the
strong Falkland Current (FC), has no counterpart in the NW European Shelf.
2
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The circulation in the North Sea is driven by tidal forcing, density gradients,
meteorological forcing (winds and atmospheric pressure) and by inflows and pressure
gradients o f oceanic origin (Huthnance, 1991). Tides have associated oscillatory currents,
but when these are averaged over time, the resultant residual flow 0(U 2 / JL) may be
locally significant, e.g. 0(0.1 ms'1) for a current U=0.5 ms'1and the Coriolis parameter
y^lO-4 s ', where the length scale L is reduced to about 25 km by bathymetric or coastal
features, and form gyres around headlands (Huthnance, 1991). Meteorological forcing,
mainly by winds, is probably the largest component in the North Sea circulation, while
density forcing is important to near-coastal cross-shore circulation (Huthnance, 1991).
A main source of freshwater is the Baltic Sea, and the inflow through the Skagerrak feeds
the north-going Norwegian Coastal Current (NCQ (Huthnance, 1991). The outer edge
of the NCC forms a density front, which meanders on the internal Rossby deformation
scale Roi = [gHAp/p]1/1/f (H= upper layer depth, Ap = density difference), and baroclinic
instabilities develop on the along-front flow balancing the horizontal density gradient
(Huthnance, 1991). These density-driven flows are typically 0.3 m s1, but may exceed 1.0
ms'1at the edge of the NCC (Huthnance, 1991).

The circulation in the Patagonian Shelf has similar characteristics. Its tidal regime
is very energetic, with large amplification of the tide and strong currents in certain
locations. Its wind-driven flow is also significant and generates surges that inundate
coastal areas, which, in the case of the North Sea and the Irish Sea are protected by sea
walls and barriers. In the Patagonian Shelf there is also a large outflow of fresh water
from the continent through the Strait of Magellan. However, when this is compared with
the Norwegian Coastal Current, the main difference is that the NCC flows along the deep
Norwegian trench, while the outflow into the Patagonian Shelf flows along the coast in
water less than 100m deep and is affected by the tides. This outflow is the main source
of baroclinicity on the Patagonian Shelf, but its flow is considered weaker than the
barotropic flow associated with the tides, the wind-driven circulation, and the FC.
3
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Therefore, the goal o f the present work is to develop a body of knowledge of the
Patagonian Shelf oceanography, describing and explaining its main components, and to
contribute to the knowledge of the oceanography of the NW European Shelf, by
presenting evidence o f the occurrence of inertial oscillations, a component of the flow
which may have implications in biological production and also might affect offshore
structures that extend in the water column, such as oil rigs.

The rationale in the organization of this dissertation is that similar environments,
such as the NW European Shelf and the Patagonian Shelf, respond similarly to physical
phenomena that characterize major continental shelves.

However, while the NW

European Shelf, and particularly the North Sea, is perhaps the most thoroughly studied
shelf sea, the Patagonian Shelf remains one of the most unknown ones. The transfer of
knowledge applied in this work connects both environments, adding information on one
specific phenomenon previously unreported in the Northern North Sea, and developing
basic knowledge in the Patagonian Shelf.

Thus, the work is presented as two main parts with the underlying connection that
arises from the nature of both regions. The first part concentrates on the description and
interpretation of inertial oscillations observed in the Northern North Sea, with information
on this component of the flow that supplements a rather comprehensively studied
environment. The second part elaborates on the fundamental components of the flow in
a region where little is known, and hopefully produces a framework that will stimulate
further research.

Another aspect that distinguishes both parts of this work, is that the Northern
North Sea study is carried out by observational means, while the Patagonian Shelf part is
undertaken by means of a numerical model, which has been developed for the NW
European Shelf and emphasizes the connection between both regions.
4
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1 - INERTIAL OSCILLATIONS IN THE NORTHERN NORTH SEA

INTRODUCTION

During spring and summer when solar heating increases, heat is stored in the
surface layers of a body of water generating a vertical density gradient or pycnocline. In
regions of fresh water influence, low salinity water contributes to the buoyancy of the
upper layers. Turbulent mixing driven by the wind redistributes the heat, intensifying the
pycnocline. During autumn and winter, due to the cooler overlying air, the stored heat is
released back to the atmosphere. In addition, the seasonal stronger winds intensify
mixing, resulting in the deepening and, eventually, the breaking down of the
stratification.

The study of this succession of events is well developed for oceanic waters and
lakes, where the exchange of properties due to horizontal water movement, or advection,
is negligible and heat is mainly exchanged through the air-sea interface. In shelf seas,
tidal and wind driven currents play a major role and turbulence generated by friction of
the currents against the seabed is added to the wind mixing acting on the surface,
generating distinctive surface and bottom boundary layers. Turbulence is also generated
in the interior of the flow mainly through vertical shear of the horizontal velocity field.
Thus, the dominant processes in the exchange of properties in shelf seas are horizontal
advection and vertical diffusion, implying spatio-temporal variations in the density and
velocity fields.

The basic phenomena are sketched in Figure 1, where heat exchanges between the
atmosphere and the surface boundary layer (SBL) by shortwave or solar radiation,
sensible heat flux, which depends on the difference between the air and the sea-surface
5
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temperature (SST) and on the wind speed, longwave or infrared (i.r.) radiation, and latent
or evaporative heat flux, together with fresh water supplied by river outflows and
precipitation, determine the buoyancy content of the surface layer. At the base o f this
layer, the pycnocline is defined by the largest gradient observed in the vertical density
profile p(z), where the density increases by Ap. Momentum is transferred through the
wind stress impelling wind-driven currents, and producing vertical mixing within the
surface layer. This transfer of momentum occurs until the pycnocline is reached
(assuming that the pycnocline is within the depth o f the Ekman layer of surface stress
influence), but if the wind is strong enough, it can generate shear flow instability at the
pycnocline (in the form of wavelike disturbances), which in turn may entrain denser
I

water from below thus reducing the density gradient. At the seabed, the mean currents
produce mixing through bottom friction, defining the bottom boundary layer (BBL). Both
boundary layers are often characterized by the homogeneity of the water, thus showing

J

practically constant density. Daily insolation though can generate stratification closer to

|

the sea surface in calm days.

t

\

The evolution of such a dynamic system is described by a set of differential
equations based upon fundamental principles of physics. Analytical solutions of these
equations are possible only in very idealized situations and for more general cases
numerical methods are needed. The data obtained by instruments like current meters or
temperature and salinity sensors, record the response of the system to the external
forcings. This is usually a complicated signal, including periodic (inertial, buoyancy,
tidal, solar radiation) and quasi-periodic (wind, fresh-water outflows) frequencies.

The active balance among these processes has a vital role in the ecology of shelf
seas. For instance, fishermen and scientists have long recognised that highly productive
areas are related to the location of distinct boundaries that separate well mixed from
stratified waters, where resuspension and vertical mixing of nutrients from the bottom
occurs. The circulation associated with these fronts usually produces a line of
6
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convergence on the water surface, causing the accumulation of floating substances and
debris which may have a direct impact on the living resources. Also, since the natural
sources of oxygen in water systems are phytoplankton, through the process of
photosynthesis in the euphotic zone, and aeration across the air-water interface, the
occurrence of stratification inhibiting vertical mixing presents potential water quality
problems if bottom waters become anoxic.

The stratification of the water column also affects the propagation of sound
underwater having a direct impact on the use of instruments, such as sonars, which are
commonly employed in research, in the detection of fish by commercial vessels, or in
tactical defence by submarines. Moreover, it has been observed that stratification
modifies the vertical structure of currents by limiting the transport of momentum, and
creates the conditions for the occurrence of internal or baroclinic modes of oscillation,
in addition to the external or barotropic mode due to the tilt of the sea surface (generated
by the tides or the wind action). The strongest internal oscillation occurs in a two-layer
system with a main pycnocline, as a slab-like motion in opposite sense between both
layers. This oscillatory motion enhances the vertical shear across the pycnocline and may
generate turbulence through hydrodynamic instability thus reducing the stratification.
Therefore, greater understanding of the mechanisms influencing the vertical structure of
the water column will help to determine and eventually to predict its implications in shelf
seas.

Inertial currents, in the form of internal modes o f oscillation whose frequency is
determined by the rotation of the Earth, are commonly generated by wind pulses as
ubiquitous phenomena present in most current measurements. These phenomena had been
observed in the G ulf of Lions (Millot and Crepon, 1981), in the Baltic Sea (Krauss,
1981), in the Irish Sea (Sherwin, 1987), in the Adriatic Sea (Orlic, 1987), on the South
Australian shelf (Schahinger, 1988), on the Grand Bank (de Young and Tang, 1990), near
British Columbia (Kundu and Thomson, 1990), and on the Catalan shelf (Salat et al.,
7
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1992), among other places.

In this study, we are particularly interested in the evolution of the seasonal
stratification in the continental shelf after it has been formed. In other words, our aim is
to determine why and how the pycnocline is eroded in a location where the processes
occurring at the pycnocline depth are isolated from the mixing inherent to the surface and
bottom boundary layers, thus looking at the shear across the stratification itself. We
choose the Northern North Sea, away from the influence of coastal features such as the
Norwegian Coastal Current and major river outflows, with relatively low tidal currents,
and where the surface and bottom layers are separated in a 120 m deep water column.

The circulation pattern of the Northern North Sea is represented in Figure 2, taken
from Klein et al. (1994) who characterized the main features as follows. The inflow of
Atlantic Water (AW) in the north branches out into flows along the east coast of the
Shetland Islands and along the western slope of the Norwegian Trench. Following
approximately the 58 °N parallel and the 100 m isobath, the branch on the east coast of
the Shetland Islands joins the inflow of mixed Scottish coastal and Atlantic Water
through the Orkney-Shetland channel, known as the Fair Isle Current (FIC), to form the
so-called Dooley Current which flows eastward. Along the eastern slope of the
Norwegian Trench, the Norwegian Coastal Current (NCC) forms an outflow of fresher
water from the Baltic Sea via the Skagerrak with the addition of water from the
Norwegian fjords, which spreads westward as a thin surface layer when stratification is
present. In summer, the horizontal density gradients between the stratified central part
and the homogeneous costal areas, generate a density-driven or baroclinic component of
the current in addition to the wind-driven component.

The tides in the Northern North Sea are relatively weak compared with the
southern and western regions (Howarth, 1989), with spring tidal amplitude within 0.5 m
and 0.7 m, and maximum depth-averaged currents of about 0.2 m s'1. However, estimates
8
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of significant wave heights during a 50-year period indicate that extreme wave heights
larger than 14 m can be expected in the Northern North Sea (Huthnance, 1991),
suggesting that wind-driven currents play a major role in the area. From Figure 2 it is
clear that the central part of the Northern North Sea is an area of weak currents
surrounded by inflows of Atlantic Water and Scottish Coastal Water.

i

9
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MEASUREMENTS

Background
An experiment to measure the variability of the vertical structure in the Northern
North Sea was carried out by the Proudman Oceanographic Laboratory (POL, UK) from
early September to mid November 1991. The basics of the experiment were to deploy
instruments in a first cruise and to recover them in a second cruise, allowing their selfrecording capacity to register the variations in the vertical density and velocity structure
during the period o f decay of the seasonal stratification. The mooring data were
complemented by measurements taken during the cruises, which had a duration on site
of about ten days each. The first cruise (RRS Challenger No.84) operations are described
in the POL Cruise Report No. 12 (Howarth, 1991), and those of the second cruise (RRS
Challenger No.85) in the POL Cruise Report No. 15 (Harrison, 1993). The detailed
description of the moorings and the logged information about the deployments is
contained in these reports, so only a brief description will be given here.

Figure 3 shows the location of the survey area southeast of the Shetland islands,
with the positions in latitude and longitude corresponding to the sites A to I. Thermistor
strings were deployed at sites A to E to measure the temperature profile, while current
meters and acoustic Doppler current profilers (ADCPs) were deployed at sites A, F, G,
H and I, to measure velocity profiles. Velocity measurements for the whole duration of
the deployment (excluding POL ADCPs, which had problems in determining the correct
velocity amplitude) were restricted to sites A and I. The highest vertical resolution was
achieved at site A by combining various current meters with a RDI (Research &
Development Instruments) ADCP. At the other sites, velocity measurements were taken
during the duration of each cruise. During both cruises, Conductivity-Temperature-Depth
10
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(CTD) profiles were taken and this information will help to characterize the vertical
temperature distribution at site A.

Meteorological information was obtained from an oil platform located nearby
(indicated in Figure 3), and will be employed together with daily weather maps to
interpret the atmospheric conditions during the deployment period.

The overall variation of the stratification from the first to the last day of the
deployment is illustrated in Figure 4. From the CTD temperature profile on 6 September,
different sections can be identified: homogeneous or well-mixed layers, extending from
the surface to about 30 m and from the bottom to about 65 m, define the surface and
bottom boundary layers. The first one is kept well mixed by the action of the wind on the
sea surface, while the second one by friction o f the currents against the seabed. The
largest gradient in this temperature profile, from the base of the surface mixed layer to
about 35 m with a jump of nearly 5 °C, defines the thermocline.

Between the base of the thermocline and the top of the bottom boundary layer,
a less turbulent and weakly stratified layer extends for about 30 m. On 7 November, the
surface mixed layer almost reached the bottom boundary layer, both separated by a much
weaker thermocline. In this figure as well, the depths of the velocity measurements at site
A are indicated showing the high resolution achieved, along with the thermistor depths
of the string at site B (the thermistor string at site A only worked for a short period before
a malfunction, as indicated in Table 1).

Data Gathering and Processing

The deployment location is in an area of the Northern North Sea of gentle bottom
topography, with a depth of about 120 m. On 6 September 1991, seven moorings (ADCP
11
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and current meters) were deployed at site A, followed throughout the night by hourly
CTD profiles to determine the depth of the pycnocline, prior to the deployment of the
thermistor strings. In the following two days, the moorings at sites H and I and the
thermistor strings at sites A, B, C, D and E were deployed. The main details about the
moorings are given in Table 1, while a full description, including the characteristics of
the sensors and the details o f the initial data reduction, can be found in Knight et al.
(1993).

The approach followed in the processing of current meter and ADCP data was to
separate the velocity components through filtering in the frequency domain (see e.g.
Hamrick, 1990). A standard Fast Fourier Transform (FFT) algorithm was applied to the
time series in order to obtain the corresponding spectra, i.e. their energy content at each
frequency. Most of the current meters and ADCPs were set up to record every 10 min.
The frequency interval in the spectra, Af = (N At)'1(N: number o f records), was (60 d) ' 1
for a period of observations o f 60 days.

A typical velocity spectrum, shown in Figure 5, is composed of a low-frequency
band of slowly-varying currents, tidal bands, an inertial band, and a high-frequency band
at the right-hand side of the spectrum. The filtering procedure consisted in multiplying
the spectra by windows designed to isolate certain bands, and then the time series of these
bands were retrieved by the inverse of the FFT. Since the 24 main tidal components were
first removed by using harmonic analysis, only windows for the low-frequency, inertial
and high-frequency bands were applied to the detided spectra. The low-frequency
window had weights w(f) equal to unity for frequencies f from zero to f 1 with a tapering
of the form w(f) = Vz{ l+cos[(7t(f-fl)/Df}, where Df is the frequency interval over which
the weights are reduced from I to 0, namely Df = f2-fl, for fl = (40h) 1and f2 = (30h)’'
(or f 1 = 0.025 cph and f2 = 0.033 cph). A similar tapering formula was used for the highfrequency side, and a Hamming window with 50 weights at each side of the band peak
for the inertial band.
12
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The separation of the records into their rotary components also provides valuable
information. Tidal currents generally induce horizontal elliptical paths to the water
particles, so that tidal ellipses can be decomposed into two circular motions, one rotating
clockwise and the other anticlockwise (see e.g. Gonella, 1972 or Prandle, L982). The
effect of stratification on the vertical structure of tidal currents is known to be more
important for one of these components (M.J. Howarth, personal communication, or see
e.g. Maas and van Haren, 1987), and in order to analyze this effect a rotary spectral
analysis program written by M. J. Howarth was employed. Both rotary components are
depicted in the example of Figure 5, where it can be appreciated for instance that the
lunar semi-diurnal tidal constituent (M2) has a greater clockwise component, while at the
inertial frequency (I) the motion is practically only clockwise, given that it is a circular
motion and in this case in the northern hemisphere.

The temperature time series from the thermistor strings were smoothed with a
boxcar averaging window, in order to remove spikes and high frequency noise. Prior to
this, third-degree polynomial curves were employed to calibrate the raw data with
constants provided by the manufacturer. Meteorological and CTD data records were
edited to interpolate where gaps or spikes occurred.

MeteorgLogicaLCopdihoDS

Observations of the meteorological conditions during the period of the
deployment were obtained from an oil platform located nearby (indicated in Figure 3).
Time series of the difference between the sea-surface temperature (SST) and the air
temperature, atmospheric pressure, wind speed and direction, and significant wave height
are shown in Figure 6. The first plot indicates whether exchange of sensible heat between
the sea and the atmosphere is a positive or negative flux as depicted in Figure 1.
13
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According to these measurements, about 80% of the flux is from the sea to the
atmosphere (i.e. the area on the positive side of the y-axis), reflecting the normal
conditions in autumn when the air becomes cooler than the sea. However, as it is clear
from this curve, the sensible heat flux is not a smooth process but rather a variable one,
changing its sense from positive to negative several times following the passage o f fronts.

The plots in Figure 6 contain clear features, such as those occurring around 18
October and 1 November. Nevertheless, these are measurements taken at a single location
and a more complete interpretation of their variations has to be done in conjunction with
weather charts covering the Northern North Sea region. To emphasize this point,
measurements of atmospheric pressure at a single location during the passage o f a lowpressure center will not obviously represent the strength of the system, unless the lowpressure center passes over the recording station. Otherwise, in the most common case,
the measurements will describe the gradient in a path near the center of the depression.

i

i

Daily weather summaries issued by the Meteorological Office (MO) and by the
Royal Meteorological Society (RMS) provide the necessary information for this
interpretation, and will be quoted to describe the main features present in Figure 6.

The weather affecting the British Isles during September 1991 is separated into
three parts in the RMS weather log: "till the 12th the weather was mostly anticyclonic (or
dominated by high pressure), from the 13th to 21st a changeable south-west to westerly
flow held sway, while the last week was very cyclonic (or dominated by low pressure)".
{

In October, "the weather was episodic, with a sequence of contrasting spells, each lasting
between five and seven days". Of particular interest are low-pressure centres that moved
north-eastward between Scodand and Iceland on 13, 18, 21 and 24 September, on 3-4,
7-8 and 16-17 October, and on 1-2 and 6 November. When the track of these depressions
is eastward, the associated anticlockwise turning of the wind vectors is clearly seen in
Figure 6, where the severe storm on 16-19 October is a clear example. It is clear as well
14
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from the wind vectors, that the periods when the air temperature was cooler than the SST
(e.g. between 25 September and 3 October, 18 and 21 October, and between 4 and 7
November) are due to noitherly winds bringing masses of arctic air. The consistent
southerly and south-easterly wind during the periods from 7 to 16 October and from 26
October to 1 November, respectively, are due to the slow eastward progressing highpressure centres, that remained rather stationary over Scandinavia.

The time series of significant wave height also reflects the main events mentioned
above, with the largest height registered during the severe storm on 16-19 October.
Another interesting feature is the short pulse of waves higher than 7 m on 25 September
preceded by another on 22 September. During these two cases, according to the RMS
weather logs, wind gusts of more than 70 kn were observed. In the first case (16-19
October), "a rapidly deepening depression moved slowly eastwards just to the north of
Scotland bringing severe gales with gusts over 70 kn to the northern two-thirds of the
U.K., followed by a drop in temperature". In the second case (21-25 September), "during
the 21st a deep depression tracked north-eastwards between Scotland and Iceland,
ushering in a very disturbed spell. On the 23rd Sloy (near the northern end o f Loch
Lomond) recorded 60 mm of rain, while a gust of 70 kn was logged at Butt of Lewis
(northern tip of the Outer Hebrides) on the 25th". To the end of October, "between the
20th and 26th the weather was predominantly anticyclonic, with light northerly winds,
while renewed gales returned during the last days of the month", extending to the first
days of November.

In summary, the main weather events in the Northern North Sea in autumn 1991
were dominated by the eastward and north-eastward passage of atmospheric pressure
depressions (westerly weather), with associated gales normally followed by drops in
temperature due to inflow of arctic air.

Daily weather maps for September and October are shown in Figures 7 and 8.
15
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The main events identified above, on 13,18,21 and 24 September, 3-4,7-8 and 16-17
October, can be followed in these weather maps.

The low pressure centre to the west of the British Isles on 13 September, passed
through to the north of the Northern North Sea on 14 September. A rough estimate of
the mean speed of translation o f this storm, from its position from 14 to 15 September,
gives about 13ms'1, which is a fast moving storm according, for instance, to observations
quoted by Price (1981) or numerical experiments carried out by Chang and Anthes
(1978).

On 21 September, however, another low pressure centre was fairly stationary. On
this day, a rapid intensification of the low pressure generated strong sudden winds from
the southwest on the Northern North Sea, and abated soon, after changing to the west.
Another low pressure centre appeared on 23 September, and moved at a mean speed of
about 12ms'1through the Northern North Sea.

On 16 October, another deep low pressure centre passed through the Northern
North Sea, this time almost above the weather recording station, and with a translation
speed was about 8ms'1.

These weather maps show that the main events identified in the weather records,
were due to low pressure centres that moved through the region at fast speeds, or, in the
case of the storm on 21 September, the case was due to a sudden intensification of the
wind. A combination of both factors seems to be the case for the event on 24 September,
when the main group of inertial oscillations were measured as we shall see later.

16
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STRATIFICATION VARIABILITY

Thermistor strings were deployed at sites A to E to measure the temperature
profile evolution. Unfortunately, it was found after recovering the moorings that the
record from the thermistors at site E contained only bad data, the one at site A functioned
only for the first 10 days, and also that the recording units from the strings at sites B and
D stopped functioning during the storm on 16-19 October. So, only the record from site
C is shown here (Figure 9). The logging units were set up with a recording interval of
112.5 s, and the depth of each thermistor is indicated to the right of each record.

Significant information can be derived looking at these temperature time series.
At all sites, the thermistors closer to the surface measured the temperature of the surface
boundary layer (SBL) throughout the deployment. As seen in the CTD temperature
profile from 6 September (Figure 4), this surface mixed layer extended from the surface
down to about 30 m. Although these temperature time series show the progressive
cooling of the surface layer, there is evidence of the correlation between step-like cooling
and the occurrence of storm events. For instance, the record at 27 m in Figure 9 shows
these steps on 11 and 25 September, and on 4 and 17 October related to the passage of
low pressure centres as described in the previous section. After the passage of these
storms with associated wind fields rotating anticlockwise, masses of arctic air cooler than
the sea-surface temperature produced the loss o f heat from the surface mixed layer
responding to the events. It is striking however how a very strong storm like the one that
occurred on 16-19 October produced a similar steplike cooling of the surface mixed layer
extending for more than 50 m. This suggests that strong turbulent mixing occurred in
addition to convective heat flow due to differences between the air and the sea-surface
temperatures (see Figure 6).

Most of the thermistor records showed large oscillations (see Figure 9). These are
17
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due to the location of a thermistor at the depth of the thermocline, where the sensor
measures the temperature of the water just above and below the sharp gradient which
moves up and down due to internal motion in the water column. These temperature
variations agree with the CTD temperature profiles. For instance, the oscillations at 30-35
m depth seen at the beginning of the records of Figure 9 coincide in depth and range with
the temperature profile taken on 6 September, as shown in Figure 4.

As time passed during the deployment, the oscillations with decreasing amplitude
were recorded by thermistors located deeper in the water column. This shows the
deepening and erosion of the thermocline during the autumn. After each group of
oscillations at a certain depth, the temperature record became similar to that representing
the surface layer indicating that the homogeneity in temperature of the surface mixed
layer extended deeper progressively. Note the significant rise in temperature after these
oscillations (at any depth in Figure 9), indicating that the heat content in the surface
mixed layer (SML) is redistributed deeper in the water column, as thermistors in lower
*
|

levels of the chain are included in the SML.

In order to estimate the main frequency of these oscillations, Figure 10 shows the
spectra of the thermistors signal from site C (Figure 9) at three depths calculated for the
periods of the oscillations: 37 m (from 6 to 27 September), and 42 and 47 m (from 20
September to 4 October). These spectra show a dominant peak at the inertial frequency
(I) at 42 and 47 m, while some energy also appears at the semidiurnal tidal frequency.
,

The significance of the peaks at the inertial frequency, a natural frequency given by the

!

rotation of the Earth at a given latitude, also seen in the velocity spectra (Figure 5) will
become clear in the discussion section.

18

i
1
I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CURRENTS VARIABILITY

As seen in Figure 4 and in Table I, a high degree of vertical resolution in the
current velocity measurements was achieved by combining different current meters with
an acoustic Doppler current profiler (ADCP). Time series of the observed velocity and
its main components, at depths above and below the themocline in the upper part of the
water column, are shown in Figure 11 for the north-south direction. These components
include the tidal currents (Figure 1lb) and the detided record (Figure 1lc), which was
separated into its low-frequency (Figure 1Id) and inertial bands components. The tidal
currents, including astronomical and shallow-water constituents were separated from the
measured record (Figure I la) by harmonic analysis with standard software developed at
the Proudman Oceanographic Laboratory.

Because the tidal waves entering from the Atlantic propagate largely in the northsouth direction in the Northern North Sea (see e.g. Howarth, 1989), the measured
velocities have a larger component in this direction than the east-west component.
However, a feature like the large variation produced by the storm on 16-19 October was
oriented more in the east-west direction (not shown here).

After subtracting the tides from the measured velocity, the detided records (Figure
I lc) show low and high frequency variations, and also groups o f oscillations at nearinertial frequencies. These oscillations, which are the main subject of this part of the
dissertation, are not considered to be internal tides generated by the barotropic tide, since
they have characteristics of inertial oscillations such as their frequency and unique
(clockwise) sense of rotation. Internal tides, commonly generated by divergence of the
surface layer above the thermocline when the barotropic tide approaches the shelf edge,
have the frequency of the dominant tide (see e.g. Pingree et al., 1986) and should not be
present in Figure 1lc, given that tidal energy has been removed. The inertial frequency
19
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at the latitude of site A is about 1.73 cpd (a corresponding period of 13.87 h).

The main features in the low-frequency time series (Figure I Id) can be followed
throughout the water column indicating a mainly barotropic character.

A clear indication o f a first baroclinic mode of oscillation can be seen in Figure
1 le, where the vertical lines join oscillations throughout the water column. At the
thermocline depth, about 43 m around 27 September, the amplitude of the oscillations is
very small given that at this depth currents change direction: the currents in the surface
layer are shifted 180° with respect to those below the thermocline, the main characteristic
of the first baroclinic mode. These oscillations were separated from the detided records
and are analyzed in the next section.

Figure 12 (a,b,c) shows progressive vector diagrams where the curves join the end
points of position vectors determined from the velocity vectors every 10 min, and the
plots correspond to the ADCP bins at 27,51, 75 and 99 m. Figure 12a was plotted with
the measured velocity including tidal currents, while Figures 12b and 12c with the lowfrequency and inertial velocities. The time marks for reference are every 7 days from 13
September.

The total velocity diagrams suggest that water in the surface layer (represented
by the bin at 27 m) was impelled with more intensity in the southeast direction during the
initial period up to 11 October. At the other three depths, below the thermocline, the
water movement was fairly uniform though increasingly to the west with time and depth.
The low-frequency velocity diagrams (Figure 12b) present the same general tendencies,
and indicate the importance of the tidal and inertial components had when added to the
slow motion (cf Figure 12a). The main features in the low-frequency diagrams are those
related to the atmospheric forcing, especially the large variations related to the main wind
event on 16-19 October. The inertial velocity diagrams (Figure 12c) show relatively
20
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smaller amplitudes, with the inertial circles decreasing in diameter with depth. The
theoretical value o f the radius of the circle of inertia is given by the ratio between the
inertial velocity amplitude and the inertial frequency, U/f;. For an amplitude of 0.15 ms ' 1
and the inertial frequency at site A being 2 tt/ 13.869 rad/h, the radius is about 1.19 km,
in agreement with the circles of inertia at 27 m around 27 September in Figure 12c. In
this figure it is clear as well the opposite phase between the motion in the surface layer
(27 m) and below the thermocline (51, 75 and 99 m) by the time marks (visible in the
plot for the day 27/9 at 27 and 5 1 m).

3

j
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INERTIAL CURRENTS AND NORMAL MODES

The use of normal modes to describe the vertical variation of horizontal currents
is of common use in Oceanography, and theoretical discussions and various examples can
be found in textbooks (see e.g. Gill, 1982).

Following Gill (1984), this vertical structure, due to the baroclinicity of the water
column, can be described by an expansion in normal modes of the form
(u,v,p) = £

[un(x,y,t), vn(x,y,t), p n(x,y,t)] $ n(z)

/*=l
h = Y , h„ ( W )
n=I

where u and v are the horizontal velocity components, p is the pressure perturbation from
a state of rest divided by the water density, and h is the vertical particle displacement
defined by w = dh/3t. The sum includes all the baroclinic modes for a continuously
stratified water column. The functions $ n(z) and i|rn(z) satisfy the equations
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where N2 is the buoyancy frequency and c„ is the separation constant, and which solved
for v|r„ give
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This equation conforms a regular singular second-order Sturm-Liouville system and was
solved (using the shooting method) for the eigenvalue c„, which is the phase speed of the
nth mode, giving the eigenfunctions i|rn subject to boundary conditions ijtn = 0 for z = 0
and z = H (at the surface and the seabed). The derivatives of the eigenfunctions, dijr/dz,
22
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give the relative vertical structure of the horizontal current components, <I>n(z),
normalised in the computation given that it is not possible to derive absolute values o f the
eigenfunctions.

The buoyancy profile N2(z) computed from the CTD cast on 6 September (see
Figure 4) was used to determine the first four baroclinic modes. Their structure and
relative amplitudes are shown in Figure 13 where the phase speeds are also indicated. The
sharp thermocline at about 30 m depth (where N2 is maximum) separates the water
column basically in two layers, hence giving the condition for a dominant first mode.
This supports the evidence seen in Figure I le of a 180° shift in the direction o f the
currents across the thermocline. Furthermore, spectra of these time series have a
significant peak at the inertial frequency (Figure 5) of the clockwise component, which
is the natural sense of rotation of inertial motion.

The inertial time series were obtained by filtering the detided velocity records,
and north-south component is shown in Figure 14. In these time series it is possible to
identify groups of oscillations in opposite phase above and below the thermocline (as
done in Figure 1le) by vertical lines. The clearest example is for the largest oscillations
around 27 September, when the thermocline was at about 40-43 m depth, as indicated by
the reduced amplitude of the oscillations. During this event, it is observed that the
amplitude maxima in the water column occurred just above (23 m) and below (51-59 m)
the main stratification, and also that the amplitude decreased with depth below the
thermocline.

Since the inertial oscillation is a circular motion, a precise determination
of the period of an oscillation comes from adjusting a line to the curve of the
instantaneous phase given by the arctan(v/u), where u and v are the east-west and the
north-south velocity components, against time (Salat et al., 1992). Then the initial phase
is determined by the its intersection with the y-axis, and the period from its slope. As an
23
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example, Figure 15 shows the EW and NS components of the ADCP detided record at
27 m, and the linear fit to arctan(v/u) against time. The resulting initial phase is -3.14
cycles, or 278° given by (-3.14 x 360 / 13.837) + 360.

Table 2 shows the variation of the near-inertial motion with depth following this
approach, for the largest oscillations observed from 21 September to 1 October, including
all the current meters used at site A. Note that except at the thermocline depth (40 and
43 m) the period determined is in fact very near the inertial period for this latitude
(13.869 h). Also, the initial phase given by the ordinate at the origin of the adjusted line
shows the 180° shift across the thermocline. With respect to the amplitude, the largest is
observed in the surface layer, while in the lower layer the maximum value occurs just
below the thermocline, followed by a decrease with depth with the minimum near the
bottom. This variations of amplitude agree with other observations (e.g. Kundu, 1993),
and with numerical models results (e.g. Rubenstein, 1983). Note also that the period is
slightly lower than the local inertial period at all depths (except just below the
thermocline), indicating that energy propagates downward from the surface. The vertical
propagation of energy is given by

= _ (o>2 -

{K:>

to N k_

where oo is the calculated near-inertial frequency, f the inertial frequency at the latitude
of the deployment (59° 40’ N), N the buoyancy frequency and kh is the horizontal wave
number of the near-inertial waves. Note that propagation of energy is not possible at
exactly the inertial frequency. This equation indicates a downward (or negative) flow of
energy for values of co slightly higher than the local inertial frequency. This is the general
case from the calculations shown in Table 2, evidencing the mechanisms of transfer of
energy from the wind to the sea.
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The presence of strong stratification during the first half of the deployment gave
the conditions for the largest inertial oscillations that occurred around 27 September. A
closer look to the wind and current meter records indicated that these oscillations were
generated by wind pulses on 21-22 and 24-25 September, as suggested by Figure 16. This
figure shows the wind speed along with the inertial current amplitude, which was
integrated over the water column by adding the speed of the current from each depth.
Even though stronger wind events occurred during the second half of the deployment, the
much weaker thermocline prevented the occurrence o f significant first mode oscillations.

There is a suggestion that this group of inertial oscillations is related to the springneaps cycle of the tides. However, comparing Figures I lb and I lc it arises that this is not
the case for the period 6-20 September under normal conditions, i.e. the previous springneaps peak when the thermocline was even sharper, supporting the previous description
of the character of these oscillations regarding their frequency and sense o f rotation.
Furthermore, internal waves generated by the barotropic tide propagating from the ocean
to the continental shelf in the presence of stratification at the shelf edge, commonly take
the form o f individual waves or solitons. In measurements, solitons appear as a sudden
large vertical movement of the pycnocline as they travel through the site. This is not the
case of the oscillations described here, which behave as local and persistent phenomena,
and the main event agrees with observations elsewhere. For instance, Chen and Xie
(1997) describe near-inertial oscillations observed in the Texas-Louisiana shelf, also as
a first baroclinic mode and with a modulation time scale of 5 to 10 days.

Contours of the north-south component of the inertial current from the ADCP data
are shown in Figure 17. These contours together with Figures 6 (e.g. the significant wave
height) and 16, indicate that the maximum inertial currents around 24 September resulted
from the effect of two wind pulses. A detailed examination of the direction o f the wind
and the current in the near-surface, confirmed that the wind pulse initiated on 24
September blew in phase with the surface current thus reinforcing the oscillation.
25
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INTERPRETATION OF OBSERVATIONS

The interpretation of measurements already described can be made in the context
of studies carried out elsewhere, given that the existence of inertial oscillations in the
Northern North Sea has not been reported previously in the literature.

Thus, following Price et al. (1994), the response of the ocean to the wind stress
associated with the passage of a deep depression, can be separated into two stages: a
"‘forced stage”, which is the local response during the actual passage of a storm, and a
“relaxation stage”, which is the non-local response after the storm moved away. The
“forced stage” response of the ocean is in terms of baroclinic modes with a substantial
cooling of the sea surface and the mixed layer by the effect of vertical mixing induced
by the wind stress, and a barotropic response, which takes the form of a geostrophic
current induced by the trough in sea surface height associated with the low pressure
centre. The response in the “relaxation stage” is inherently nonlocal and baroclinic,
characterized by the dispersion of energy in a spreading wake of inertial frequency
internal waves (Price et al., 1994).

During the measurement period, three bottom pressure recorders were also
deployed. Two of them were moved around by the effect of the storm on 16-19 October,
but the third one was more stable and recorded the bottom pressure change during the
storm. This is shown in Figure 18, where a difference of about 0.8m in the height of the
water column was recorded at the time. This trough in in sea surface height is usually
observed associated with the barotropic response of the “forced stage”, and is set up
almost instantaneously when the storm passes through the location of the deployment
(Price et al., 1994).

O f basic importance is to differentiate between the two main ways of energy
26
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transfer in the generation o f internal waves. Since internal waves are ubiquitous
phenomena in the ocean, as observed in the majority of data sets, the existence of an
universal level of the internal wave spectrum indicates, as pointed out by Niwa and
Hibiya (1997), that energy is continuously transferred to the internal wave field by
atmospheric forcing and by tide-topographic interactions. The latter process is the
common way by which internal tides are generated at the shelf edge or over submerged
banks, when the barotropic tidal energy interacts with the sudden change in bottom
topography, provided there is certain degree of stratification in the water column. For
the case studied here, the transfer of energy from the atmosphere to the ocean is the
process that generates the inertial oscillations observed in the Northern North Sea.

As indicated by Niwa and Hibiya (1997), the energy transferred from the
atmosphere to the ocean is considered to cascade down the internal wave spectrum to
small dissipation scales, through nonlinear wave-wave interactions, causing mixing in the
ocean interior across surfaces of equal density or isopycnals. In this way, the energy
from the atmosphere not only generates currents and internal waves, but also has crucial
implications at global scale affecting the oceanic general circulation (Niwa and Hibiya,
1997).

The mechanism that generates inertial oscillations in the Northern North Sea, is,
as the evidence presented in this study indicates, similar to that related to the passage of
hurricanes (see, for example, Price, 1981; or Nilsson, 1995). This mechanism implies
that large variations in the sea surface height, due to the passage of a deep low pressure
center, induce inertial currents in the surface mixed layer. Thus, the divergence of the
mixed layer transport (V.vH, where v and H are the horizontal component of velocity and
the mixed layer thickness, respectively) couples the motion of the mixed layer with the
thermocline (Gill, 1982, 1984; Price, 1981; Nilsson, 1995) providing a mechanism for
dispersing the kinetic energy in the mixed layer vertically and laterally, as stated by
Nilsson (1995). The upwelling and downwelling motion of the thermocline is then
27
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coupled to inertial currents with opposite sense within the layers above and below it.

According to Price (1983), “inertial pumping”, the stretching o f the surface mixed
layer, penetrates through the thermocline and sets large vertical displacements at the
inertial frequency. The associated pressure field motion, which is set up by the displaced
mass field, makes possible the transfer of energy from the mixed layer down to the
thermocline depth within the first inertial period after the passage of the storm.

The diagram in Figure 19, from The Open University (1989), depicts the main
processes associated with the passage of a low pressure centre (cyclonic wind). These
processes, as shown by Chang and Anthes (1978), occur near the centre of the storm.

The cyclonic wind on the sea surface drives an outward flowing Ekman transport.
The divergence of water at the surface is then compensated, by continuity, by an
upwelling motion at the centre of the gyre. The thermocline follows the upward
movement, as the thickness of the surface layer decreases and that of the layer below the
thermocline increases.

This response of the ocean to the passage of a deep low pressure centre starts
rapidly, and the motion described above indicates how the energy of the storm propagates
down in the water column.

The motion in the ocean is described as an adjustment process (see e.g. Gill,
1984), which starts with inertial rotation of the current in the surface mixed layer, causing
divergence and convergence, and hence vertical motion, or “inertial pumping”, at the
base of the mixed layer. Gill (1984) also points out that another way of viewing the start
of the adjustment, is to consider that the wind stress acts for a short time, compared with
the inertial period, thus accelerating the fluid downwind in the surface mixed layer
creating a current, which rotates clockwise (in the northern hemisphere) with a circular
28
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motion at the inertial period.

The strongest inertial oscillations observed around 27 September, resulted from
a combination o f sudden southerly winds on 21 September with the subsequent rapid
passage of a strong storm on 24 September, which are the main factors that generate
inertial oscillations.

Numerical experiments by Chang and Anthes (1978) showed that the response of
the ocean to the passage of hurricanes is highly asymmetric. The currents in the surface
layer in the vicinity o f the storm resulted stronger to the right of the storm track. These
experiments also showed large variations in the depth o f the thermocline, though with
certain lag with respect to the maximum vertical motion, so that for fast-moving storms
the thermocline is lifted behind the storm track. For slow-moving storms, Chang and
Anthes (1978) indicated that “a prolonged period of mixing more than offsets the effects
of upwelling and results in a deeper thermocline behind the storm”. A close examination
of the data from the thermistor chain from the Northern North Sea, suggests that a
combination of these factors is responsible for the variations in the depth of the mixed
layer, and the noticeable cooling of the surface water. Also, the record of bottom
pressure shows an increase around 27 September, apparently related to the lift o f the
thermocline indicated by the depth of the mixed layer, suggesting that the signal was due
to the higher proportion of denser water in the water column compared with the thickness
of the mixed layer.

The energy of the inertial motion in the Northern North Sea, given the high
degree of stratification during the first period o f the measurements, took the form o f the
first baroclinic mode. Some energy, as indicated by computations of the Richardson
number, was dissipated generating mixing at the thermocline. Observations by Price et
al. (1994) of the effect of hurricanes on the structure of the water column in the G ulf of
Mexico, showed not only that vertical mixing was intense in the forced stage of the ocean
29
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response, but also that it can penetrate to depths well below the surface mixed layer.

As regard the measured currents, Howarth and Glorioso (1995) assessed the
balance of the equation o f conservation of momentum, expressed as
(i£

dt

+

U .VU

- fkxU )

=

-g V ri

+

(-Tl -

pD

X")

(local+advective+Coriolis) accelerations = pressure gradient +- (wind-bottom) stresses

Here r| is the sea surface elevation, D is the total water depth, U - (U,V) is the
depth-mean velocity,/is the Coriolis parameter, g is the gravitational acceleration, t s and
r b are the surface and bottom stresses and p is the water density.

The local and Coriolis accelerations and the bottom stress can be derived from
current measurements, the latter by means of linear or quadratic drag laws. The wind
stress can be calculated from measurements of the wind velocity nearby, and the pressure
gradient can be computed from measurements using bottom pressure recorders. The
advective acceleration are expected to be small away from the coast, and have been
neglected in this calculation.

It was found that the Coriolis acceleration and the pressure gradient terms were
the largest (maximum values in the range 1 . 5 - 2 xlO'5 ms*2), followed by the local
acceleration and the wind stress terms (with one fifth the magnitude). The bottom stress
term was negligible, because of the relatively weak tidal and residual currents and the
deep water depth (Howarth and Glorioso, 1995).
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SUMMARY AND DISCUSSION

The passage of storms over a stratified sea may excite a periodic circular motion
whose frequency is close to the local inertial frequency, and whose sense of rotation is
clockwise in the northern hemisphere. If the stratification gradient is large enough to
separate the water column into two layers, the motion appears shifted half a period
between both layers, with currents flowing in opposite direction. This motion is
characteristic of the first baroclinic mode, and the enhanced shear at the separation depth
between both layers may increase vertical mixing, thus reducing the stratification
gradient. Also, any existing near-inertial surface current may be enhanced or diminished
if the wind direction and sense of rotation of a new storm are with or against the current.

The balance between stratification and vertical shear can be described by the
gradient Richardson number (R*), which is the ratio between the buoyancy frequency and
the vertical shear of the horizontal velocity calculated at a depth. A discrete R; between
35 and 5 1 m was calculated from the ADCP total velocity and the thermistor string data
following Kundu and Beardsley (1991). Because of the 16 m separation between these
bins above and below the thermocline, a critical discrete R* (the value at which turbulence
appears into play thus reducing the stratification) will be higher than the theoretical
critical value of 0.25 for the gradient R;.

Figure 19 shows the time series of buoyancy (N2), shear (U2J and R; for the first
5 weeks o f the deployment when the stratification was larger. During the first 2 weeks,
the high stratification and the low shear gave high R; values. Then the increase in shear
due to the near-inertial oscillations after 20 September is able to reduce the R; to values
lower than 2. Note that the large shear increase during 23-25 September is not followed
by a significant decrease in stratification until the end of that month. After this main
event, the thermocline deepens to more than 55 m extending the surface mixed layer
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beyond the lower depth considered here. For this reason, after I October the Ri
calculation between these two depths becomes ill determined when the buoyancy
frequency and the vertical shear both become close to zero. The same calculation with
the inertial component of the velocity showed that, during this period, the inertial velocity
accounted for practically all the variations in the velocity shear shown in Figure 20.

In the Northern North Sea, the frequent passage of storms during autumn and the
occurrence of a seasonal thermocline, suggested that inertial oscillations played an
important role in the erosion and deepening of the thermocline. This was confirmed in
the present study. The results presented agree with early observations by Pollard (1970),
who concluded that "fluctuations in the wind field with time scales less than an inertial
period are most efficient in generating or destroying inertial motions", which is the case
in our measurements (especially related to wind pulses from 20 September to 4 October).
There is also agreement with observations by Pollard and Millard (1970) in that the
inertial oscillations are mainly wind-driven local phenomena, with a frequency slightly
greater then the local inertial frequency.

It can be speculated, following Yamazaki (1996), that after mixing occurred at the
thermocline due to the enhanced inertial shear, the water column (given the limited
horizontal scale of inertial oscillations) may end up having higher potential energy than
the surrounding water in the horizontal, due to the mixing of density. This may lead to
a process of gravitational collapse, by which internal waves o f high wavenumber, or
solitons, can be generated.

From the analysis o f current meter and thermistor string data taken during the
autumn of 1991 in the Northern North Sea, we observed that near-inertial oscillations of
the first baroclinic mode type played a main role in the erosion and deepening of the
thermocline. The main near-inertial current events appear related to strong storms of
short duration and to large variations in the low-frequency flow. In the top panel of
32
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Figure 16, two wind pulses on 21 and 24 September generate the largest inertial event
depicted in the bottom panel. The second pulse reinforced the existing inertial motion
when the wind started blowing in the same direction as the near surface current. On the
other hand, the inertial amplitude peaks on 4 and 18 October are not only the response
to wind speed pulses, but also to the process of adjustment to a geostrophic balance after
the surface layer had been perturbed by the passage of a storm (see e.g. Price, 1983 or
Gill, 1984). This unbalanced state can be identified by large accelerations in the
low-frequency flow (Schahinger, 1988), such as the ones observed around 22 September
and 2 and 18 October.

In Figures 1 le and 17, the separation of contours of the inertial velocity above
and below the mixed-layer depicts the two-layer slablike character of the motion. The
erosion of the thermocline is evident during the period of the largest near-inertial motion
from 20 September to 4 October, when the mixed-layer depth increased substantially.
Further events continue to weaken the stratification, while the amplitude o f the observed
near-inertial oscillation diminishes to the end of the record, depending upon the strength
of the thermocline.

Figure 19 illustrates the basic mechanism that generates the inertial motion. The
divergence or convergence produced at the sea surface by a cyclonic or anticyclonic wind
moves the thermocline up or down. If the atmospheric pressure center with which the
wind is associated advances rapidly enough, the displaced thermocline initiates an
adjustment process in which the current of the surface layer rotates at the inertial
frequency. This oscillatory current causes convergence and divergence, and hence the
vertical oscillation o f the thermocline, or inertial pumping (see e.g. Gill, 1984). In
addition, Treguier and Klein (1994) pointed out that inertial oscillations can propagate
against the wind, extracting energy from it and grow, for the case o f wind stress acting
for several inertial periods (in contrast with wind pulses) over existing inertial motion in
the sea.
33

Reproduced with permission of the copyright owner. Further reproduction prohibited w ithout permission.

Moreover, moderate wind pulses when the stratification is strong may have
different consequences than major storms when the stratification is weak: while during
the inertial event from 20 September to 4 October most of the wind energy was absorbed
into the near-inertial motion, during the storm on 16-19 October most of the energy
generated a strong low-fiequency flow. For the first period, the peak of the inertial band
in the velocity spectra at all ADCP depths was only about 1% higher than the local
inertial frequency, indicating that the motion was largely dependent on local events.

The calculation of the Richardson number suggested that the enhanced shear
resulted in the production of turbulent mixing and the consequent entrainment of water
at the base of the mixed layer. A deepening of the thermocline of about 15 m occurred
in two steps, as suggested in Figure 17, during this event, and it is this steplike variation
of the mixed-layer depth, related to the first baroclinic mode oscillation, which indicates
that the erosion of the thermocline in the Northern North Sea is mainly determined by the
passage of strong wind events.

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CONCLUSIONS

Inertial oscillations are ubiquitous phenomena and play an important role in the
transfer of momentum from the atmosphere to the ocean. Given that they occur in the
presence of the seasonal thermocline, the shear generated at the thermocline depth by the
inertial currents, which are shifted 180° from the surface layer to the layer below the
thermocline, can erode the stratification gradient when a critical Richardson number is
reached. Therefore, the main conclusions and implications derived from this part o f the
dissertation are:

1)

from measurements with relatively high vertical resolution in the autumn of 1991,

it has been observed that inertial oscillations occur in the Northern North Sea and are
generated by strong wind pulses which are common in the region,

2)

the vertical structure of these inertial oscillations is in the form of the first

baroclinic mode, given the main two-layer stratification by the seasonal thermocline
previously formed during the spring and summer,

3)

the strong shear generated across the thermocline by this motion indicated,

through calculations of the Richardson number, that mixing occurred following these
events and that the thermocline was eroded and deepened, implying that entrainment of
water from below the thermocline, usually with higher concentration of nutrients than the
depleted surface waters, may enhance biological production,

4)

another important implication of inertial oscillations in the Northern North Sea,

where a large number of oil rigs operate, is that the strong shear at the thermocline depth
may exert shear forces on these structures that extend from the sea surface to the sea bed.
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2 - THE CIRCULATION ON THE PATAGONIAN SHELF

INTRODUCTION

The Patagonian Shelf off the southeastern coast of South America is distinguished
by the abundant wildlife sustained by its fertile waters. On the Patagonian coast, the tides
have a range among the largest in the world and generate strong currents. In this land of
extremes, beds of giant kelp grow into tangles hundreds o f feet long, rookeries nest
hundreds of thousands of penguins that feed on abundant squid and small fish, and
plentiful fishing grounds occur. Also, large colonies of seabirds and marine mammals
gather in the protected coves of the Patagonian cliffs.

The Southwest Atlantic Continental Shelf, comprising the Argentine shelf and
Falkland Plateau from Mar del Plata (38° S) to Cape Horn (56° S), is one of the fifty
biogeochemical provinces, defined by ocean currents, fronts, topography and recurrent
features in the sea surface chlorophyll field, in the global classification by Longhurst
(1995). Therefore, the Patagonian Shelf constitutes a well-defined and highly productive
marine ecosystem. Against this background, Royle (1994) suggested the possibility of
oil deposits being found offshore near the Falkland Islands, with consequent
environmental risks involved in their exploitation.

Thus the motivation for this part of the work is to study the dominant currents in
a region that has long been recognized by its biological productivity and, increasingly,
for its nonrenewable resources. A precise knowledge of the circulation will help to
manage these natural resources, to prevent potential implications like overfishing or
pollution due to the extraction and transport of substances, and will contribute to the
presently limited body of knowledge o f the oceanography of the Patagonian Shelf.
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The main oceanographic feature off the southeast coast of South America, in the
context of global circulation, is the confluence of the poleward flowing Brazil Current
and the northward flowing Falkland (or Malvinas) Current (see, for instance, Gordon,
1989, and other studies found in the literature). The distinctive water masses associated
with these currents, the Brazil Current being warmer and more saline than the Falkland
Current of subantarctic origin, generate a region of large density gradients, i.e. an intense
baroclinic system, where the currents collide between 35° S and 45° S offshore the shelf
break. The strong eddy activity associated with this baroclinic system is not so strong
further south, where conditions are more independent of density changes, ie more
barotropic, as indicated by Morrow et al. (1994) from satellite altimetry.

On the Patagonian Shelf, south of 40° S, the main components of the circulation
are the tides, the Falkland Current, which originates just north of the Falkland Islands,
and the wind-driven currents. These three components of the flow are of barotropic
characteristic, since they are the response of the water body to variations in the
inclination of the sea surface, and are independent of the density structure.

Previous studies indicate that density-driven currents on the continental shelf are
rather weak. Zyryanov and Severov (1979) calculated currents from density fields and
found values of 0.3 ms*1 at the surface. However, Rivas (1994) computed geostrophic
velocities from the thermal wind equation averaging more than 1300 temperature profiles
and found mean velocities of 0.02 ms*1. Forbes and Garrafo (1988) obtained depthaveraged velocities of 0.07 ms'1, and concluded that wind stress predominated over
density forcing. This evidence indicates that density-driven currents on the Patagonian
Shelf are quite small compared with tidal and wind-driven currents.

On the Patagonian Shelf the tides reach exceptional amplitude due to resonance,
and resonant absorption is also evident since little energy leaves the region (Webb, 1976;
Cartwright and Ray, 1991; Glorioso and Flather, 1995). The Patagonian Shelf (strictly,
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south of 40° S to Cabo de Homos) has a width comparable to a quarter wavelength of the
semidiurnal tidal wave, thus presenting natural conditions for resonance (Webb, 1976).
The coastline, where the elevated Patagonian Plateau meets the sea, is characterized by
cliffs ranging from a few meters to elevations greater than 500 m south of Golfo San
Jorge, that plunge to depths of up to 190 m in Golfo San Matias (Figure 21) defining
headlands and gulfs. The wide shelf extends offshore with a uniform and smooth
gradient until it reaches the steep shelf break. In the south, the most prominent features
on the shelf are the Falkland Islands and Burdwood Bank, which influence the currents
steered by the topography.

In contrast to the periodicity of the tides on the shelf, the quasi-permanent
Falkland Current flows northward along the slope after separating from the Antarctic
Circumpolar Current (ACC) east of the Drake Passage. Along the shelf edge, the tidal
currents interact with the Falkland Current generating shear and eddies when they flow
in opposite directions, and also modulating the transport of the Falkland Current
(Glorioso and Flather, 1995).

The weather patterns on the Patagonian Shelf are dominated by the rapid and
frequent passage of deep depressions travelling to the east, while strong westerly winds
occur on average conditions. The winds associated with these depressions induce winddriven currents, which influence the flow of the Falkland Current and generate storm
surges and floods in the Rio de la Plata.

Because most of the oceanographic interest in the southwest Atlantic has been
attracted by strong baroclinic processes at the confluence between the Brazil and Falkland
Currents, there are almost no direct measurements of currents available in order to
conduct a comprehensive study of the circulation on the Patagonian Shelf. For this
reason, the present study makes use of a numerical model as a tool to produce the
necessary information to understand and describe the circulation on this region.
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THE NUMERICAL MODEL

Brief description

A two dimensional (2D) finite difference tide and surge modeL originated by
Flather and Heaps (1975), was implemented for the Patagonian Shelf by Glorioso and
Flather (1995). The three dimensional (3D) barotropic model here implemented to the
same domain (Figure 21), is based on the 2D model and has an extension in the vertical
which follows the numerical scheme developed by Davies, Kwong and Flather (1997) for
the NW European Shelf. Therefore, the 3D version can be switched on so that the
vertical variation of currents near the coast is studied in detail, such as in the case of tidal
flow around headlands in the following section. The 3D model solves the shallow water
equations, which express the continuity of momentum and mass, in longitude (X) and
latitude (<p) co-ordinates
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where C is the sea surface elevation, t denotes time, u, v and w are the eastward,
northward and vertical velocity components, R the radius of the Earth, z the depth below
the undisturbed water depth, to the angular speed of rotation of the Earth, g the
acceleration of gravity, and p the coefficient of vertical eddy viscosity. Du and Dv are the
horizontal diffusion terms given by
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where AH (= CHh, with CHa coefficient and h the water depth) is the depth-dependent
horizontal diffusion coefficient.

The method employed to solve these equations involves a transformation into
sigma coordinates: o = (z+Q / (h+O, and the expansion of the velocity in terms of a set
of functions to represent its variation in the vertical. This approach, which uses a basis
set of eigenfunctions of the vertical viscosity profile, is described in detail by Davies and
Fumes (1980) or Davies (1980, 1983a, 1986, 1987). In this application, 11 sigma levels
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equally spaced from 0 to 1 were used.

A quadratic friction law involving bottom velocities and a friction coefficient
(2.5xl0*3) is applied at the sea bed, while the wind stress, specified at the surface,
generates surges and wind-driven flow. The open boundary conditions include a
radiation condition and are similar to those in Glorioso and Flather (1995), while flow
normal to the coast is set to zero. The model runs from a state o f rest, i.e. with velocity
and sea surface elevation fields set to zero, and with a spin up period of a few days to
allow any transient oscillations to disperse.

Since the main goal of this part of the dissertation is to study the circulation on
the Patagonian Shelf by means of the numerical model as a tool, the interested reader is
referred to the cited literature for more details on the numerical scheme.

Implementation to the Patagonian Shelf

The model domain covers the whole region shown in Figure 21, with a grid size
of 1° / 6 in longitude and 1° / 8 in latitude (about 13 km at 45°S). Since bathymetric data
were not available in digital form (well-known global data sets, such as the Earth
Topography 5’, or "Etopo5", are not reliable on continental shelves), for each of the sea
points on the grid (about 10,000) a depth value was determined from nautical charts.
Once this task was completed, the model was run with appropriate boundary and initial
conditions.

Along the open boundary, the sea surface elevation is specified as the sum of
eight tidal constituents (Q,, O,, P,, K„ N2, M2, S2, K2) as a sum of cosine functions
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n7 = E

ff„cos(G>Ht * 7 n - Gn)

n -1

where H, to, 7 and G are the amplitude, angular speed, equilibrium phase and phase lag.
The amplitudes and phase lags were taken from Schwiderski (1978), and a radiation
condition was used to allow perturbations generated in the interior of the model domain
to radiate, or travel through, the open boundary (Flather, 1994).

The time step used for the 2D calculation, in accordance with the CourantFriedrich-Lewy (CFL) condition, was 30 s, and 150 s for the 3D part, taking advantage
of the time splitting method in the scheme that reduces the computation time.

The Falkland Current is simulated in the model by adding a constant term in
equation (7), so that a mean sea surface elevation gradient between grid points determines
the flow through the open boundary. These mean elevation values were derived from the
Fine Resolution Antarctic Model (The FRAM Group, 1991) of the Southern Ocean.

The wind stresses, applied on the sea surface to generate currents and surges, were
derived from a limited sample of meteorological data at six hourly intervals. These data
are produced by the European Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis (ERA) and were obtained through the British Atmospheric Data Centre
(BADC). They were bilinearly interpolated from a global grid of 0.50 resolution to the
Patagonian Shelf model grid.
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TIDES

Background

The Patagonian Shelf tides constitute one of the strongest regimes where a
significant amount of global tidal energy is dissipated by the effect o f bottom friction.
Since observations of tidal elevations and currents on the Patagonian Shelf are scarce and
mostly limited to coastal stations, the information obtained from the model offers
valuable insight in a region where a detailed description was not available in the context
|
i
ii

of global tidal modelling.

j

Several global tidal models were developed since the well-known work of E.W.

I

Schwiderski, but their resolution on continental shelves is not satisfactory, limited by

|
|

their coarse resolution. This contrasts with the significance that a few major continental
shelves have in the global dissipation of tidal energy. This regional study of the
Patagonian Shelf shows that dissipation is highly localized, and that the integrated value
over the model domain constitutes a significant fraction of the estimated global
dissipation.

The tidal regime on the Patagonian Shelf is dominated by the principal lunar
semidiurnal tide, M2, with contributions from other semidiurnal, diurnal and fourthdiurnal constituents. The major characteristic of this regime is a natural quarterwavelength resonance at the semidiurnal frequency, implying exceptional tidal
amplitudes at the coast and resonant absorption of energy.

The estimates of lunar tidal energy fluxes onto continental shelves by Miller
(1966), and the work of Webb (1973,1976) on resonant absorption on an idealized
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Patagonian Shelf, indicated that the tidal regime in this region played an important role
in global tidal energetics. Thus, accurate computations of tides and their implications on
the Patagonian Shelf was needed, and the logical way forward seemed to be the
implementation of a numerical model with relatively high resolution compared with
global models.

Parke (1980) suggested that satellite altimetry offered an alternative route to
numerical models on the Patagonian Shelf; however further developments in this field
(e.g. Ray, 1993, Le Provost et al. 1995) showed that the accuracy of satellite altimetry
was limited in regions like this, where tides are spatially complex.

The bathymetry of the Patagonian Shelf (Figure 21) shows a wide continental
shelf bounded by high cliffs at the shoreline south of 40°S, and the abrupt shelf slope
interrupted to the east of the Falkland Islands by the Falkland Plateau. The width of the
shelf is comparable with a quarter wavelength of a semidiurnal tidal wave, thus resulting
in a near-resonant natural system (Webb, 1976).

The validation of the model by means of a limited set of tidal constants has been
given by Glorioso and Flather (1995), and, from long-term current meter records recently
published by Rivas (1997), results from the model also agree with offshore
measurements.

The two-dimensional (2D) part of the 3D model used here to study the tides,
solves the depth-integrated equations expressing continuity of volume and momentum

^
+ V .{DU) = 0
dt
— + U .V U - f k x U = -gV(ri - pg) dt
pD

- A V ZU
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where the notation is in Cartesian co-ordinates for simplicity (the model is actually
written in geographical co-ordinates of longitude and latitude). Here r\ is the sea surface
elevation, D is the total water depth, U = (U,V) is the depth-mean velocity, f is the
Coriolis parameter, g is the gravitational acceleration, P (= 1+k+h, where k=0.3 and
h=0.61 are Love numbers) is a parameter to include the body Earth tide and associated
perturbations to the tide-generating potential, £ is the equilibrium tide, r b is the bottom
stress, expressed as a quadratic law with a bottom friction coefficient kb (= 2.5xlO'3), p
is the w ater density, and A is a coefficient of horizontal viscosity (= 5 D m V ‘). The
model has a resolution of l°/6 in longitude and 178 in latitude. Note that the gVP£ term
was not explicit in the expression of the pressure term in the 3D equations in the previous
section.

Along the open boundary, the sea surface elevation is specified as the sum of n
tidal constituents as

>u =z, ♦E /.*.«»<*. * <v - v. - g.)
rt~i

where H, (o, ¥ and G are the amplitude, angular speed, equilibrium phase and phase lag
of each constituent (/"and N are nodal factors).

The 2D tidal model was run for a simulation period of 6 months with open
boundary conditions specified as the combination of eight major tidal constituents (M 2,
S2, K2, N2, K t, O,, P,, and Q,) derived from Schwiderski’s global model of 1° x 1°
resolution. Computed fields of sea surface elevation and velocity components were saved
hourly, and then harmonic analysis was performed to calculate tidal constants for up to
23 constituents, although only results of the main diurnal, semidiurnal and shallow-water
constituents are shown here.
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The model was calibrated to reproduce the M2 amplitude along the coast, mainly
by adjusting the bottom friction coefficient in order to obtain the closest solution to the
set of observations from tide gauges published in the Admiralty tables (Figure 23). This
adjustment brought offshore the amphidrome at 41°S that appeared on land on the
computations o f Glorioso and Flather (1995), so that it coincides now with charts
computed with data from coastal tide gauges, published for instance by Schwiderski
(1978). Note that the location of this amphidrome also agrees with satellite altimetry
observations, although only preliminary, presented by Cartwright and Ray (1989), thus
giving encouraging signals for their future use on continental shelves.

Tidal constituents

The tidal spectrum is dominated by the semidiurnal principal lunar tide, M2,
although significant contributions come from several other constituents. The total tidal
signal from the model is illustrated at several ports in Figure 22, where the model output
(solid line) is compared with predictions from tables at Buenos Aires, Madryn, Puerto
Gallegos and Stanley (the last 3 ports are numbered 14, 22 and 25 in Figure 21,
respectively). At Buenos Aires, at the head of the Rio de la Plata, where the tidal signal
is mixed having semidiurnal and diurnal constituents of similar amplitude, the model
solution is not very satisfactory. This is mainly due to the strong dependency upon only
one open boundary point, taken from the global model of Schwiderski of 1° resolution,
and to nonlinear shallow-water effects in this part of the estuary where the depth is lower
than 5 m. At Madryn, where the amplitude of the model signal is acceptable, there is a
slight shift in phase probably due to the poor resolution of the small gulf, connected to
the shelf by only one computational point. At Puerto Gallegos, where the local depth
from charts is 4 m and drying occurs, and at Stanley, the model solution is much more
reliable. Glorioso and Flather (1995) also compared the amplitude and phase of the
major constituents at Stanley and at one offshore station, located at 53.5° S and 57° W,
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and found good agreement with values derived from measurements.

A comparison of the amplitude of the dominant tidal constituent, M,, from the
model with values from the Admiralty Tables, is shown in Figure 23 at 25 ports whose
locations are indicated in Figure 21. Bearing in mind that the locations of the tide gauges
do not coincide in most of the cases with grid points in the model, the performance of the
model to reproduce the tidal solution along the coast is satisfactory (compare also Figure
23 with Figure 10 o f Genco et al. 1994).

The bottom friction term was reduced to 10% of its value in the region north of
Peninsula Valdes, where the water depth was lower than 50 m, in order to improve the
agreement as shown in Figure 23 (bottom). This adjustment, which means that the
friction coefficient is reduced from 2.5xl0'3 to 2.5xl0~\ is particularly important in the
upper Rio de la Plata and in the NW comers of Golfo San Matias and Bahia Blanca,
where the much shallower water depths and drying tidal flats have greater influence on
the depth-averaged flow through the bottom friction term, which is divided by the water
depth. Since water depths were derived from nautical charts, hence referred to low water
at spring tides, it is possible that in these regions the effect of the water depth being
slightly smaller than the real value is more pronounced than elsewhere. As pointed out
by Grenier et al. (1995), if the local depth is represented as too small, an erroneously low
value of the friction coefficient will be required to calibrate a model. Green and McCave
(1995) estimated from measurements in the eastern Irish Sea at 26m depth that although
the friction coefficient had a mean value of 2.5xl0*\ it varied from 8x10"* to IxlO'2.

A mean difference of 0.4 m in the central region (from port No. 14 to No. 17) is
largely reduced when the model solution is taken at about 5 grid points from the coast
(depicted by the dots in Figure 23, top).

This difference is mainly due to the

amplification of the tide towards the coast. In Bahia Blanca, according to data presented
by Perillo and Piccolo (1991), the amplitude of M, increases by 0.37 m from offshore to
47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

inshore of the island represented by one grid cell in the model (Isla Trinidad) in a
distance of about 40 km, while the effect is much less for other constituents.

Cotidal charts for the diurnal tides, K, (principal solar) and O t (principal lunar),
are shown in Figure 24 (top), where the main amphidromic point is located southeast of
Peninsula Valdes, and another amphidrome is apparent east of the Rio de la Plata in the
i

K, chart. The maximum amplitudes of K t and O, barely exceed 0.3 m near the coast at
5l°S, but it is interesting to note the amplification of the currents indicated by the
enhanced current ellipses of these two constituents (Figure 24, bottom), on the outer
continental shelf east of Peninsula Valdes and over Burdwood Bank.
!

The same

phenomenon of topographically generated diurnal shelf waves was probably first
described by Cartwright (1969) for the case of St. Kilda Island in Scotland, and have
been observed also along Vancouver Island (Crawford, 1984; Flather, 1988), in the
Weddell Sea (Middleton et al., 1987) and in the Nordic Seas (Kowalik, 1994), among
others places.

i

1
The semidiurnal tides (Figure 25, top) revolve around four distinct amphidromic
points located respectively south of the Falkland Islands, east of Golfo San Jorge,
between Golfo San Mafias and Bahia Blanca, and near Punta del Este. The locations of
these amphidromes agree with other charts found in the literature, for instance by
Cartwright and Ray (1989) derived from altimetry, or Genco et al. (1994) from a finiteelement ocean fide model with enhanced resolution on the Patagonian Shelf.
I

The phase of the semidiurnal tidal wave propagates to the north after entering the
model domain from the south and southeast, and the largest amplitudes are registered at
the coast on the mainland at 5 l°S. This is more than 4 m for M 2 and 0.8 m for S 2. The
tidal ellipses (Figure 25, bottom) show the same pattern for both constituents, although
at different scale, while S2 is relatively more important in Bahia Blanca and the Rio de
la Plata estuary. For instance, the speed o f S2 is about 20% of that of M2 on the shelf
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south of Peninsula Valdes, but it amounts to more than 50% in those two locations. Note
that the convergence of the major axes o f the semidiurnal tidal ellipses towards the coast
at 5 1°S, suggests that a standing wave behaviour in this region may dominates. The
distribution of the standing wave component is discussed in the next section.

The co-amplitude lines (Figure 25, top) indicate that the largest amplification of
the semidiurnal tides occurs in Bahia Grande towards Rio Coig (location number 20 at
51° S in Figure 21). In contrast, the variability is much smaller north o f 41° S, clearly
seen in the M, chart, suggesting also that most of the energy is dissipated south of this
latitude.

On the other hand, the co-phase lines show the approach of the oceanic tide from
the southeast comer of the model domain, and the northward propagation of the tidal
wave on the shelf. The absence of co-phase lines in Golfo San Jorge and Golfo San
Matias indicates that any phase of the tide, say high or low water, occurs nearly at the
same time inside these gulfs. In contrast, where the tidal wave passes between an
amphidrome and the coast, the packing of co-phase lines indicates strong pressure
gradients and the consequent occurrence of stronger currents. This is confirmed by the
current ellipses (Figure 25, bottom) mainly around the southern end of Golfo San Jorge
and at the entrance of Golfo San Matias, and also in Bahia Grande and over the western
side of Burdwood Bank.

A sequence showing the variation of the tidal wave within a typical cycle provides
a better illustration of this pressure gradient effect. Figure 26 shows a perspective view
o f the sea surface from the east within the subregion indicated in Figure 21 at 3-h
intervals, and Figure 27 shows the corresponding velocity fields. Since the semidiurnal
tides dominate, this sequence roughly represents one cycle.

In this subregion, the southern end of Golfo San Jorge and Peninsula Valdes seem
49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

to behave as nodal points whereby the tide in Bahia Grande oscillates almost in phase
with the tide in Golfo San Matias, while nearly out of phase with that in Golfo San Jorge
(and Bahia Engano). Note in Figure 25 (top) that the co-phase lines of M2 show that one
wavelength extends from the southern limit of the subregion to the entrance of Golfo San
Matias (120° contour).

When the tide reverses at these headlands (0 h and 6 h, approximately), the
currents around them reach maximum acceleration and the surface elevation differences
across the headlands reach their highest value (more than 2 m at Peninsula Valdes).
When these currents reach their peak (3 h and 9 h in Figure 27) the differential pressure
gradients are still high.

In Figure 26, the elevation range on the left-hand side (where the tide enters from
the south) is about 8 m, while on the right-hand side (where the tide leaves) is only 0.8m,
indicating the high dissipation that takes place within the subregion. This subject is
treated in the next section.

This perspective view indicates that the strong currents around these headlands
are induced by differential water levels across them. Around headlands the tidal wave
turns very rapidly, and this phenomenon is believed to have caused the oil tanker Sea
Empress to run aground off St. Ann's Head (South Wales) in February 1996, although
combined with high wind waves.

The turn of the tidal currents is also evident in Figure 27. For instance, northeast
of Peninsula Valdes while the tide is still ebbing at 0 hours, it is already flooding along
the eastern coast of the peninsula. The same occurs at the southern end of Golfo San
Jorge at 6 hours. Note, in Figure 27, the contrast between the periodic movement of the
tides on the shelf with the permanent northward flow o f the Falkland Current along the
shelf slope (between the 200 and 2000 m isobaths), and the eddies generated when the
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tidal currents flow in opposite direction to the Falkland Current at 3 hours. The Falkland
Current is described in more detail later.

The rapid reversal of the tide at Peninsula Valdes and the southern end o f Golfo
San Jorge produces strong transient lateral and vertical shear. This is exemplified in
Figure 28, which shows the vertical variation of the velocity components (contours are
of the along-shore component, in ms'1) along sections A and B (indicated in Figure 21)
at 0 h and 6 h, respectively, corresponding to Figures 26 and 27. At these times of
maximum acceleration when the tide begins to flood into Golfo San Matias and Golfo
San Jorge, shear is generated in agreement with observations elsewhere (e.g. by Geyer,
1993). Note also that the tidal current turns earlier near the bottom, where frictional
effects are greater.

As pointed out by Signell and Geyer (1991), most studies of tidal flow around
headlands deal with the generation of vorticity in the residual circulation. Signed and
i
;

Geyer (1991) performed a series of numerical experiments of depth-averaged tidal flow
around an idealized headland, and found that the formation of strong eddies was
fundamentady a transient phenomenon, which depended on the bottom drag coefficient
and the tidal frequency for a fixed topography. Geyer and Signed (1990) described the
formation o f such eddies in the depth-averaged flow around Gay Head (Massachusetts),
by means o f synoptic acoustic Doppler current profiler (ADCP) surveys. Further work
by Geyer (1993) on the three-dimensional structure from the same data set, showed a
velocity component normal to the depth-averaged current, towards the headland at depth
and seaward near the surface. This normal velocity component was due to the curvature
of the flow at the time of maximum flood. However, no conclusive evidence o f vertical
motion was found from those observations. Tee and Lefaivre (1990) computed vertical
velocities in the residual circulation off Cape Sable (Nova Scotia), and found that vertical
transports (upwelling and downwelling) near this promontory were comparable to windinduced upwelling in a continental shelf.
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Zimmerman (1981) and Robinson (1983) described the main mechanism that
generates vorticity in a headland region: as the tidal flow accelerates and decelerates
passing the headland, it becomes laterally sheared (even with uniform depth when using
a quadratic bottom friction law), and a friction boundary layer develops slowing down
the current towards the coast The voracity generated results in a pair of counter-rotating
eddies and a jet from the tip o f the headland in the residual current. This pattern is
shown, for instance, by Pingree et al. (1978) at Portland Bill (English Channel) from
observations and from a depth-averaged numerical model. The transient eddies at
Portland Bill were numerically simulated by Maddock and Pingree (1978). A similar
pattern appeared north of Peninsula Valdes, as shown by Glorioso and Simpson (1994).

Following Robinson (1981), another mechanism by which vorticity can be
generated occurs when there is a pressure gradient between both sides o f the headland,
inducing two streams and hence a vorticity discontinuity. Robinson (1983) indicates that
strong horizontal pressure gradients across any such discontinuity accelerate the flow
around the headland, thus suppressing flow separation with rapid diffusion of vorticity.
This mechanism, which depends on coastline topography rather than on bottom
topography, seems to play a major role on the Patagonian Shelf because o f the large tidal
elevations and rapid flow reversals at headlands.

Laboratory and numerical experiments by Etling et al. (1993) showed that vortex
pairs can develop from a curved coastline with a shear boundary layer by barotropic
instability, the necessary condition being that the profile of the velocity component
normal to a radial axis must have an inflection point. Their laboratory experiments
consisted of a rotating circular tank with an inner cylinder rotating independently. The
instability was initiated by suddenly reducing or increasing the angular frequency of the
cylinder to equal that of the tank, with a previously established steady shear flow (a
reminiscence of sudden tidal flow reversals at headlands). Etling et al. (1993) found that
a number of vortex pairs formed simultaneously, depending on the radius of the cylinder
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and its relative rotation with respect to the tank. The shedding o f vortex pairs in a similar
situation in the Patagonian Shelf, has been observed in infrared satellite images of the
vicinity of the southern end of Golfo San Jorge, where colder water from the mixed side
of the headland front is injected into the offshore warmer water as a vortex pair.

Fujiwara et al. (1994) presented satellite observations and ADCP measurements
of headland eddies off Awaji Island (entrance to Osaka Bay), and pointed out the
importance of vortex pairs in the transport of mass and vorticity. The shedding of vortex
pairs from an idealized headland was studied by Signed (1989) for a large frictional
length scale, Lf = H/2CD, where H is the local depth and CDis a bottom drag coefficient,
viewed as a deep-water situation (alternatively, a short Lf or a high CD with a fixed H
means a shallow-water case).

Turbulence in the Eulerian flow field is not necessary to produce the intricate
dispersion patterns commonly observed in nature, as it has been demonstrated, for
instance, by Ridderinkhof and Zimmerman (1992) and Ridderinkhof and Loder (1993).
Complex particle trajectories may result from a two-dimensional time-periodic flow by
Lagrangian turbulence (Aref, 1984), following a mixing pattern o f stretching and folding
with formation of vortices, filaments and clusters of particles. A complete description
of this point of view of mixing is given by Ottino (1989). The application of these ideas
to the Patagonian Shelf is beyond the scope of this work.

As regards shallow-water tidal constituents of relevant amplitude in the coastal
region, the fourth-diurnal M4 and MN4 are presented in Figure 29. A full description of
the properties of shallow-water tides and the hydrodynamic processes that generate them,
such as nonlinear interactions and the effects of bottom friction, finite water depth and
flow curvature, is given by Pugh (1987).

A preliminary comparison with TOPEX/Poseidon altimetry, shows that the
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amplitude of M4 near 50° S and 69° W agrees with computations from the model. The
altimetry calculations (R. Ray, personal communication) give 29.76 cm compared with
29.73 from the model. There are. however, differences in phase. These are in principle
attributed to the sensitivity in the model computations to small changes, for instance, in
bottom friction, as observed in recent tests. These changes are manifested in the pattern
o f M4 amphidromes: a small change can separate a band of phase contours into 2
amphidromes, similar to variations in the semidiurnal band discussed by Nye et al.
(1988). This comparison with satellite altimetry is the object of a study that will be
reported in the near future. More insight into the generation of M4 from the model is
given in the next section.

t
!
|

Tidal energy

One of the uncertainties in global tidal models related to the Patagonian Shelf,
where they cannot achieve the required resolution to solve the tidal propagation, is related
to the problem of energy flux and dissipation. Energy flux vectors were computed from
the model by means of the expression (Pugh, 1987)

F te = \

P S D H0 U9 cos(g?0 - gu0)

(8)

where F TE is the energy flux vector, p the seawater density, g the gravitational
acceleration, D the water depth, and (H0 , U0) and ( g-Q, g^) are the amplitudes and
phases of the elevations and currents (the later with u and v components), as calculated
from the harmonic analysis of time series from each grid point.

The corresponding energy flux plot for M, (Figure 30) shows that the energy
enters the model domain mainly through the southern boundary and then is channelled
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through the gap between the tip of Tierra del Fuego and Burdwood Bank. This source
of M2 energy presumably comes from the Pacific Ocean (see e.g. Kantha et al., 1995),
but the flux from the east of the Falkland Islands might be related as well to the
amphidromic system in the south Atlantic seen in Schwiderski (1978). Thus the main
influx of M2 energy from the south is enhanced by the flux along the northern coast of
the Falkland Islands, and follows the Patagonian coastline to the north reaching the
latitude of southern Bahia Blanca.

Note that equation (8) implies that zero energy flux will occur at amphidromic
points, where the sea surface elevation is zero (as indicated in Figure 30 when compared
with the M2 chart in Figure 25, top), and also where currents and elevations are 90° out
of phase, which is the case of standing waves (Pugh, 1987). This seems to explain the
zero energy flux centre at 50°30’S and 65W, where a significant amount of energy must
be reflected at the coast to form a standing wave resonance (Webb, 1976).

In order to separate the standing and progressive wave components, the phase
differences between elevations and maximum currents were computed following Pugh
(1987) and the 90° ±15° contours were included in Figure 30, where the locations o f the
amphidromes at 41° S and 48° S are marked by dots.

Thus the mapping of standing waves explains the zero energy flux centre at 50°
30' S and 65° W, where the 90° contour joins the amphidrome at 48° S and the coastline
at 51° S (where the maximum M2 amplitude occurs). On this 90° phase contour,
maximum elevation occurs at the same time as the minimum tidal current, not necessarily
zero in the general two-dimensional case. Only at the centre of this energy flux gyre is
this minimum current identically zero; i.e. the M2 currents are rectilinear, as indicated by
the current ellipses (Figure 25). Figure 30 also depicts two other regions where energy
fluxes form gyres: one extending from Golfo San Jorge to Peninsula Valdes, and the
other in Golfo San Matias. In topology terms, this map shows that amphidromes behave
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as hyperbolic or saddle points, towards and from where energy flows, connected to
elliptic points (the zero energy flux points related to standing waves) by separation lines.
Note also that contours that separate clockwise from anticlockwise regions of rotation of
the current ellipses (Figure 25) run thorough the centre of energy flux gyres.

It seems plausible then, as suggested by Figure 30, that standing waves are
generated by energy being reflected at the coast in Bahia Grande, Golfo San Jorge, and
Golfo San Matias. The standing wave pattern that joins Peninsula Valdes with Golfo San
Jorge, appeared only at the centre of the gulf when the bottom friction coefficient was
reduced to 2.5X10"4 in water of less than 75 m. The other two patterns, which join the
amphidromes with the coast in Golfo San Matias and Bahia Grande, remained without
major changes in those test runs, as well as the position of the amphidromes.

Since practically all M2energy goes into the model domain, it must be dissipated
within it. Figure 3 1 shows the mean energy dissipation contours in Wra'2 computed for
M2. The mean rate of energy dissipation by bottom friction per unit area, B, was
computed from the expression

T

(9)
o

where kb is the bottom friction coefficient, and the integration period, T, was taken as 3 1
days (January 1996) with hourly values. This approach of computing tidal dissipation
due to bottom friction using velocity fields from a numerical model, has been shown by
Davies et al. (1985) to be more accurate than calculating the difference between the
energy fluxes in and out of a region.

Since the current speed is cubed in equation (9), energy dissipation by bottom
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friction is a highly localized phenomenon (Pugh, 1987). Figure 31 shows that dissipation
concentrates northeast of Peninsula Valdes and in Bahia Blanca, around the southern end
of Golfo San Jorge, at the tip of Tierra del Fuego, and to a lesser degree on the western
side of Burdwood Bank and in the shallow region northwest of the Falkland Islands. At
these locations, enhanced turbulence generates fronts that separate well-mixed water from
water that stratifies in spring and summer (Glorioso, 1987; Glorioso and Flather, 1995).

The integration of the dissipation rate over the model domain from the same run
gave 228 GW ( I GW = 109 Watts), which is about 9.5 % of the estimated total global
dissipation (2400 GW). Previous calculations for the Patagonian Shelf are 130 GW by
!

Miller, 1966, and 245 ± 25 GW by Cartwright and Ray (1989). It must be said though
that different methods were used in these computations. For instance, Miller’s (1966)
calculations were based on published tables of harmonic constants and followed the flux
method, rather than the friction method, as Cartwright and Ray (1989) did with satellite
altimetry data.

i
Closely related to the pattern of energy dissipation by the effect of bottom
friction, is the distribution of the well-known Simpson-Hunter (S-H) stratification
parameter. Critical contours of the S-H parameter, namely log (H/u3) where H is the
water depth and u is the current speed, give the position of tidal fronts that separate wellmixed water from water that stratifies in spring and summer. The theory involved in the
derivation of the S-H parameter is well explained in Bowden (1983) and accounts can be
found, for instance, in Simpson (1981) or Bowers and Simpson (1987). Glorioso and
Simpson (1994) found by comparison with satellite infrared imagery, that the critical
contour of a frontal system that occurs around Peninsula Valdes (see Glorioso, 1987, for
details on in situ measurements) was 2.3 (in MKS units). This value, when contoured in
a map, depicts the separation between cooler water onshore of the front from stratified
water, with a warmer surface layer, offshore. The intensity of mixing by bottom friction
on the onshore side extends to the surface, therefore the input of heat at the surface is
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mixed downward in the water column.

The present computation of tidal fronts, averaged over one month, is shown in
Figure 32, where the critical contour of 2.3 is indicated by a thicker line. Besides the
frontal system that extends from Peninsula Valdes to the northeast (previously reported
in Glorioso, 1987), well-mixed water by bottom turbulence is found around the southern
end of Golfo San Jorge, along the coast in Bahia Grande, and in the shallower northwest
end of the Falkland Islands and in the upper Rio de la Plata. The frontal system in Bahia
Blanca has warmer water in the mixed side, probably due to excess in evaporation in this
very shallow region, as discussed by Glorioso (1988) and Glorioso and Simpson (1994).

Part of the energy carried by M, generates the quarter-diurnal constituent M4 by
nonlinear shallow-water effects. Figure 33 shows the M4 energy flux vectors, and when
compared with the M4 cotidal chart (Figure 29, top) the correspondence between
amphidromic points and points of zero energy flux is clear. The most interesting feature
in Figure 33 is that most of the energy of M4 appears to originate from a small region
near the coast at 5 l°S, from where it radiates to the deep water across the shelf. That
region is where M2 reaches its maximum amplitude and where resonance might play a
crucial role, suggesting that M4 is generated mainly by the non-linear term in the
continuity equation (see e.g. Pugh, 1987).

An estimate of the age of the semidiurnal tide, as the difference between the
phases of S, and M2 divided by the difference between their frequencies (Webb, 1973),
is shown in Figure 34. Localised regions where the age of the tide is large correspond
to localised resonances of the ocean (Webb, 1973). Away from amphidromic points
where phase differences are too large, the age of the tide at the coast is in agreement with
observation presented by Webb (1973), although negative values (not indicated by
contours to keep clarity) are found in the ocean extending to the coast at 44° S. An
explanation of these large negative values, which are of the order of -270 h over the
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whole area (indicated by the label “age<0" in Figure 34), comes in terms of the relative
location of amphidromic points in the South Atlantic ocean in Schwiderski’s model. Nye
et al. (1988) showed that in this region, the small change in frequency from S2 to M2
produces the separation of a narrow band with a phase change o f about 180° in the S2
cotidal map, into two amphidromes in the M2 chart. This change appears in the easternopen boundary condition of the Patagonian Shelf model, north of 49° S, where S2 phases
are much lower than those of M2, and produces negative values o f the age of the tide.

The energy flux vectors corresponding to the O, tide, shown in Figure 35, indicate
that the diurnal tides are more energetic at the shelf edge, where the energy propagates
mainly southward forming gyres with associated strong currents, as seen in the current
ellipses in Figure 24 (bottom). However, diurnal elevation amplitudes are relatively
small offshore (about 14 cm for O,), suggesting the occurrence of diurnal shelf waves
that produce the enhanced currents.

In a recent numerical study of the tides off northern British Columbia by
Cummins and Oey (1997), they pointed out that “stratification leads to significant
additional losses as a consequence of the generation of internal tides”. This implies a
seasonal variation in global energy dissipation, when added to that due to bottom friction.
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THE FALKLAND CURRENT

Background

Along the Patagonian Shelf break, the dominant feature in the circulation is the
Falkland Current. This is a branch of the Antarctic Circumpolar Current (ACC) that
separates after the ACC passes the natural constriction imposed by the Drake Passage,
and travels to the north following the shelf break. The Falkland Current proper originates
just north of the Falkland Islands, according to Zyryanov et al. (1976), and because o f its
subpolar origins it carries cold waters rich in nutrients that sustain rich fisheries (see e.g.
Rodhouse et al., 1992, or Podesta, 1989).

This topographically steered current follows lines of constant planetary vorticity
|

(Matano et al., 1993) and encounters the south flowing Brazil Current in a highly
energetic confluence, from where their combined flow continues eastward. Since the
Falkland Current is mostly barotropic, as pointed out by Peterson (1992), Matano (1993)
and Saunders and King (1995), it makes sense to include it in the present study with the
barotropic model implemented to the Patagonian Shelf.

The Falkland Current is also considered as a major path of carbon and nutrients
from high to mid-latitudes in the South Atlantic, playing an important role in the
biological carbon budget and influencing its variability (Longhurst, 1995).

The Falkland .Current

The Falkland Current is simulated in the model by prescribing the mean surface
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elevations from the Fine Resolution Antarctic Model (The FRAM Group, 1991) along
the open boundary, as a constant value at each elevation point added to the tidal
oscillation expressed in equation (7). The FRAM model covers the Southern Ocean with
a resolution o f 172 in longitude and 174 in latitude, and is forced by annual mean
climatological winds.

As seen before, the tidal currents dominate on the Patagonian Shelf. To see the
contrast between the semidiurnal periodicity of the tides and the long-term variability
(though not included here) of the Falkland Current, Figures 36 and 37 show the
instantaneous flow field at two times, roughly half a semidiurnal cycle apart, including
the tides and the Falkland Current. At 0200 UT on April 19th 1995, the tide was
flooding in Bahia Grande and Golfo San Matias while ebbing in Golfo San Jorge. At
0830 UT (Figure 37) on the same day, the tidal flow had reversed. On the other hand,
the Falkland Current, clearly visible between the 200 and 2000 m depth contours, keeps
flowing north along the shelf slope.

There is some degree of interaction between both current components. For
instance, when the tide flows in opposite direction to the Falkland Current, shear and
eddies develop, as the one at 49.5° S and 57.5° W in Figure 37. Note also the progression
of high and low water regions to the north, as the dominant Kelvin wave component of
the tidal flow advances with the coast on its left-hand side. Saunders and King (1995)
pointed out from their measurements the contrast between the remarkable steadiness of
the geostrophic flow, associated with the Falkland Current, and the large coherence scale,
in time and space, of its modulation by the M2 tide.

Because of the interaction among the main tidal constituents prescribed at the
open boundary and the shallow-water constituents generated within the model domain,
and also between the tides and the Falkland Current, the averaged velocity field over a
certain period o f time is non-zero. Obviously, given its non-periodicity, the Falkland
61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Current appears as the main feature in the averaged flow.

Figure 38a shows the residual currents after averaging over 1 month, although
they may differ slightly for other periods (Imasato, 1983). An important effect of adding
the Falkland Current is that the sea level increases uniformly over the whole continental
shelf by about 0.65 m. This increase in sea level generates the pressure gradient
necessary to sustain the Falkland Current, which follows the sea surface elevation
contours along the shelf slope adjusting to the geostrophic balance. This is the balance
between the Coriolis force, due to the rotation of the Earth and whose effect is to turn a
flow to the left in the Southern Hemisphere, and the pressure gradient, due to the
inclination of the sea surface. Therefore, in Figure 38a the pressure gradient is directed
from the high values of the sea surface elevation contours on the shelf to the lower ones
in the ocean, and the Coriolis force is opposed to it.

At 46° S the meridional geostrophic velocity calculated for the sea surface slope
between 0.6 and 0.3 m contours is 0.18 ms'1. The same value is obtained by averaging
the meridional velocity component in that section from the model, thus confirming the
geostrophic balance, with a maximum speed of the Falkland Current of 0.27 ms ' 1.

Peterson (1992) calculated the velocity of the core o f the Falkland Current from
the trajectories of three surface buoys as 0.4 ms'1. Measurements by Saunders and King
(1995) with a ship borne acoustic Doppler current profiler (ADCP) showed that the
Falkland Current had a dominant barotropic component (95%), and at 45°S the velocity
ranged from 0.16 to 0.4 m s1. Davis et al. (1996) found month-averaged velocities of
Lagrangian drifters along the slope in the Falkland Current of 0.3 m s 1, which were the
fastest floats in their experiment. From the model results, for the core of the Falkland
Current, the mean depth-averaged current is about 0.25 m s 1.

Regarding the transport of the Falkland Current, Peterson (1992) calculated the
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depth-integrated transport from hydrographic data at two sections across the current: at
42°S from 55.5°W to 59.2°W and at 46°S from 57°W to 60.3°W, and found values o f 74.5
and 87.5 Sv (1 Sv = 106 m3s'L), respectively. The corresponding computations from the
model, taking into account the total water depth and the variation of the grid size with
latitude, gave 65.7 and 42.0 Sv. The last figure increases to 62.7 Sv if the section is
extended from 55°W to 62°W, revealing the absence in the model of the return flow of
the Falkland Current on the eastern side (Piola and Gordon, 1989; Peterson, 1992;
Saunders and King, 1995) due to the presence of the Brazil Current, which constrains the
flow of the Falkland Current to the shelf slope.

Garzoli et al. (1992) calculated the surface transport with respect to 1000 m from
the coast to the full extent of the Falkland Current from the Semtner and Chervin (1992)
global model, and found 26 Sv at 45°S and 28 Sv at 47°S. Matano (1993) estimated that
a more likely value was between 40 and 50 Sv. From direct measurements, Saunders and
King (1995) estimated the transport of the Falkland Current at 45°S to be 50 Sv, while
from the model of the Patagonian Shelf presented here, the corresponding value for that
section is 52.7 Sv.

With respect to the width of the Falkland Current, Garzoli et al. (1992) quoted an
observed value of 100 km, presumably estimated from hydrographic data, and pointed
out that the overestimated width of 250 km from Semtner and Chervin (1992) model was
largely due to its poor topographic resolution in this region. Peterson and Whitworth
(1989) estimated an average width of about 150 km at 200 m depth. In Figure 38a the
width of the Falkland Current at 46°S is about 140 km.

Along the southern open boundary (Figure 38b), the model produces a weak
westward current along the shelf break, probably as a result of the steep topography
encountered by the flow trying to go over it (at larger scale, the Antarctic Circumpolar
Current tries to deflect to the north just after passing the Drake Passage). This suggests
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that because of the acceleration of the flow by the large reduction in water depth, the
Coriolis force may be enhanced and the flow forced to turn to the w est Westward flow
at this location is suggested also by drifting buoys in Pioia et al. (1987), and was
observed south of Cabo de Homos by Whitworth et al. (1982) and by Pillsbury et al.
(1975).

Similarly, offshore the Rio de la Plata in the top o f the domain, where the open
boundary crosses over the continental shelf, the flow is forced to go over the shelf break
and the total flux then leaves the domain in a much reduced depth, enhancing the currents
up to 1.5 ms'1. Even though this effect seems to be related to the radiation condition at
I

the open boundary, Saunders and King (1995) measured currents of this magnitude in the
confluence zone, perhaps enhanced by the local baroclinicity, and Davis et al. (1996)

i

found evidence of onshore leaking of the Falkland Current from the tracks o f Lagrangian
drifters.

The inflow of subantarctic water into the region concentrates in the trough
between Burdwood Bank and the Falkland Islands at 54° S (Figure 38b), in agreement
with observations by Piola and Gordon (1989). The inflow of water from the south,
between Burdwood Bank and Isla de los Estados, develops into a current that runs from
SW to NE towards the Falkland Islands, and then it bifurcates when encounters the
Islands. The main part o f this current continues to the east, while a weak branch deflects
to the north flowing round the west coast of the Islands. Northeast o f the Islands, a
similar bifurcation occurs when the main flow, still associated with the ACC, splits into a
branch that follows the shelf edge to the north, forming the FC, and a branch that
continues to the east (Stem, 1997). The latter is not reproduced by the model due to the
limitation of the domain to 55° W, and it is only suggested by the tendency o f the residual
currents to flow eastward at the open boundary between 50° S and 53° S (Figure 38b).
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As seen in Figure 27, the interaction of the tides with the Falkland Current, which
flows north along the shelf edge (200 m isobath), is evident as a shear layer develops
when the tide flows in the opposite direction to the Falkland Current (3 h). The influence
o f the Falkland Current on the shelf circulation is most important further north (Figure
38a), where the Current encounters the steep shelf edge and leaks onto the outer shelf.
This phenomenon, whose theory was investigated by Hill (1995) in idealized situations,
needs to be examined in more detail with measurements. There is supporting evidence
that subantarctic waters associated with the Falkland Current leak onto the shelf and
continue flowing northward. For instance, penguins, which are native to the Patagonian
Shelf, occasionally appear in the tropical beaches of Rio de Janeiro in Brazil. However,
the intense baroclinicity of the confluence between the Falkland and Brazil Currents in
addition to the fresh water discharge of the Rio de la Plata, which may dominate the flow
in the northern shelf, is not represented in the model.
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WIND-DRIVEN CURRENTS

Background
The weather in the southwest Atlantic is largely influenced by cyciogenesis and
anticyclogenesis leeward of the Andes Mountains (Sinclair, 1995, 1996). Particularly
rapid cyciogenesis occurs year round near 45° S over the cold water associated with the
Falkland Current. Therefore, enhanced vorticity is more likely associated with lee
cyciogenesis east of the Andes mountains and the high Patagonian Plateau, rather than
with heat exchange with the ocean as in the tropics (Sinclair, 1995).

The meteorological data set from the European Centre for Medium-Range
Weather Forecasts (ECMWF) used in this study showed the formation of one such
cyclones (Figure 39, where the contours depict the variations of surface atmospheric
pressure influenced by the land masses): after very strong winds from the west over the
Andes and the Patagonian Plateau on 9 February morning, the cyclone was fully formed
in less than 24 hours and progressed to the east.

These data suggest that the cyclone was blocked by the general anticlockwise
circulation in the South Atlantic, and its track slightly deflected to the southeast. This
blocking formed a converging front (Figure 39, top), and produced a small anticlockwise
circulation cell to the southeast of the Rio de la Plata (Figure 39, bottom). The surface
pressure contours in Figure 39 show the dependency of the wind stress with the high
mountains: the top map clearly shows the intensification of the wind stress over the
Andes and the Patagonian Plateau.
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Wind-driven currents

In this section depth-averaged currents driven by realistic wind stresses obtained
from a set of re-analysed ECMWF data at 6-h intervals are presented. The data set
covered the period from 8 to 14 February 1992, and the computation involved two runs
of the model from 1 to 14 February (i.e. allowing 7 days to spin up the tides and the
Falkland Current before introducing the wind): one with the tides, the Falkland Current
and the wind forcing, and the other with the tides and Falkland Current only. The
difference between both runs gives the net wind-driven currents, taking into account the
effect of interactions with the tides and the Falkland Current.

Figure 40 shows the wind stress field at four specific times of this limited data set,
and Figure 41 shows the corresponding depth-mean currents and sea surface elevations
six hours after each time of Figure 40, just before a new wind field is introduced.

On 9 February, when the centre of the cyclone was located east of the Falkland
Islands, the strong winds induced currents generally to the north on the shelf and a large
surge advanced into the Rio de la Plata. On 11 February, after strong winds from the
southeast blew over the Rio de la Plata, with a typical wind stress magnitude of 0.15 N
m '\ a surge of more than 0.50 m affected the upper river. This situation is commonly
observed after southeasterly gales with flooding consequences, and the surge value is
consistent with other numerical studies (e.g. by O’Connor, 1991, though with idealized
uniform winds). On the central and southern shelf, a general northward flow resulted
from the strong wind from the west along 50° S, while a moderate current developed
along the southwestern coast of the Falkland Islands, often observed during southerly and
southwesterly winds.

On 13 February, the anticlockwise circulation cell southeast of the Rio de
la Plata progressed to the east, with the wind then blowing to the west over the estuary
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and to the southwest along the coast, generating a strong coastal current.

Southeast of the Falkland Islands, the stronger wind intensified the currents over
Burdwood Bank. To the end of the simulation period, the wind weakened over most of
the shelf except in the south. Here, winds from the southwest induced currents to the
north around the Falkland Islands, a pattern that may influence the Falkland Current
transport. This was suggested by Garzoli and Giulivi (1994), who concluded that the
main source of variability of the Falkland Current was the local wind forcing.

Overall, the wind-driven circulation on the Patagonian Shelf has important
implications in the residual transport and on the variability of the Falkland Current, and
it generates inertial currents of the same kind described in the first part of this study for
the Northern North Sea, as data analysed by A.L. Rivas (personal communication)
indicate.
i

!
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SUMMARY AND DISCUSSION

The tidal regime on the Patagonian Shelf has been of interest to many
investigators, although a detailed description of phase and energy propagation,
amplitudes, and current ellipses was not available in the literature. In an attempt to fill
this gap, a depth-integrated (2D) numerical model with an extension in the vertical
direction, was implemented to the Patagonian Shelf with a grid of relatively high
resolution.

The results showed that the semidiurnal M2 tide dominates, although there are
important contributions from other astronomical and shallow-water constituents, such as
the fourth-diurnal M4. The model was calibrated to reproduce the M2 amplitude along
the coast, and it is clear that a better representation of the bottom friction coefficient, for
instance the depth-dependent formulation used by Signell and Butman (1992), would
help to improve the solution.

The semidiurnal tide is largely amplified towards the coast at 51°S, where the
major axes of the tidal current ellipses converge, suggesting that resonance at this
frequency play a crucial role, as indicated by Webb (1976). The most significant feature
of the diurnal tide is the generation of continental shelf waves on the outer shelf east of
Peninsula Valdes.

The M2 energy flux vectors showed that most of the influx of energy onto the
Patagonian Shelf is dissipated in a few locations, namely around the southern end of
Golfo San Jorge and Peninsula Valdes, and to a lesser degree in Bahia Blanca, Bahia
Grande, over Burdwood Bank and the northwest of the Falkland Islands, as indicated by
the distribution of the rate of tidal energy dissipation by the effect of bottom friction.
Some M2 energy, however, leaks to generate shallow-water tides, mainly M4, whose
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energy radiates from central and northern Bahia Grande, and propagates across the shelf.

The chart of the dissipation of energy by bottom friction showed that dissipation
is highly localized and in agreement with the location of shelf-sea fronts, which are the
transition between well-mixed water from water that stratifies in spring and summer, and
are related to high biological production.

The well-mixed water usually contains a high level o f nutrients which may be
"exported" from a frontal system.

For instance, the Falkland Current that flows

northward around the Falkland Islands may carry nutrients from the mixed waters around
the Islands towards the major fishing ground located further north (see e.g. Rodhouse et
al., 1992, or Podesta, 1989), which has associated high primary production (Brown and
Yoder, 1994).

Information on the variability of the wind-driven flow on the Patagonian Shelf
j

j

has been computed using a set of re-analysed ECMWF wind data. The regional weather
is largely influenced by cyclones and anticyclones generated leeward of the Andes
mountains by the strong westerly winds. Despite its short duration, this data set produced
a valuable characterization of the Patagonian Shelf response to wind forcing, previously
unknown. The shallower northern region is highly influenced by moderate winds,
particularly in the Rio de la Plata where southeasterly gales produce flooding surges in
the upper river. In southern Patagonia, where strong westerly and southwesterly winds
dominate, currents develop along the continental coast, across the shelf, along the shelf

i

edge, and around the Falkland Islands in a general northward direction.

A strong current flows to the west along the southern coast of the Islands driven
by southerly winds associated with the passage of cyclones, while a persistent clockwise
circulation cell occurs to the northeast of the Islands. The flow in the outer part of this
cell is against the Falkland Current, while north of the Islands the wind-driven currents
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along the shelf break are with the Falkland Current most of the time. This suggests that
the variability o f the Falkland Current may respond to changes in the regional
meteorological forcing.
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RECOMMENDATIONS FOR FURTHER WORK

Future work recommended includes the development of a measurement program,
intended not only to further improve the model, but also to monitor the variability of the
flow and to assess its correlation with the meteorological forcing. This work, intended
as an application for fishery research and to assist the offshore industry, should be based
on the following concepts derived from the Patagonian Shelf study described so far.

According to the global classification of biogeochemical provinces by Longhurst
■

(1995), the Patagonian Shelf is a prototypical environment where tides, the proximity of
a strong oceanic current, the Falkland Current, and the wind-driven circulation, are the

:
i

predominant physical processes that control productivity and influence its rich fisheries.

t

Strong tidal currents, enhanced by resonance on the continental shelf (Glorioso and

I

Rather, 1995), intensify near-bottom mixing that extends to the sea surface generating

]

fronts. These fronts are the transition between well-mixed water and water that stratifies

f

in spring and summer. The high turbulent mixing and the local circulation increase
nutrient availability to the euphoric zone (the upper layers of the sea reached by solar
radiation) inducing high primary productivity. Besides, the Falkland Current carries
subantarcric water with relatively high concentration of nutrients and sustains fisheries
at the shelf edge. The wind-driven circulation adds variability to the system, and may
generate significant transport across the shelf and at the shelf-ocean margin.

The only long-term measurements of currents in the Patagonian Shelf found in
the literature (Rivas, 1997), show that residual currents at 44° S on the 100 m isobath
have a consistent along-shore direction, suggesting that the Falkland Current may
influence significantly the shelf circulation, in agreement with results by Glorioso and
Rather (1995). Unfortunately, these measurements were limited in spatial coverage and
lasted for less than one year.
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In the model of Glorioso and Flather (1995), the Falkland Current is simulated
as a constant flow with a transport matched to measurements made by Saunders and King
(1995), who used an acoustic Doppler current profiler (ADCP) onboard the RRS
Discovery, when she crossed the Falkland Current. This limited sampling is nevertheless
the first direct measurement of the Falkland Current itself. Other estimates come from
indirect methods, such as conductivity-temperature-depth (CTD) hydrography, surface
drifters or from global models with poor local resolution. Hence, little is known about
fluctuations o f the Falkland Current. However, Garzoli and Giulivi (1994) studied the
confluence between the Falkland Current and the Brazil Current, from measurements of
its meridional displacement and wind data. They concluded that variability in the
location of the confluence was due to the seasonal cycle of the winds in the South
Atlantic, in addition to interannual variability forced by anomalous wind patterns, and
probably not due to fluctuations in the Antarctic Circumpolar Current from which the
Falkland Current originates. Besides, Lebedev and Nof (1997) found that variations in
the transport of the Falkland Current appear to determine the location of the confluence,
which has been observed to migrate in latitude as much as 800 km in a season, suggesting
that monitoring the Falkland Current upstream of the confluence, for instance near the
Falkland Islands, would allow investigators studying the confluence to anticipate changes
in its location.

Although the characteristics of the Falkland Current (speed, shape, width) from
the model of Glorioso and Flather (1995) agree well with descriptions found in the
literature, there is no inherent variability included in it. The literature also indicates that
the Falkland Current is largely barotropic (its vertical density stratification is negligible),
and the model shows that the Falkland Current is in (barotropic) geostrophic balance. In
other words, the pressure gradient across the Falkland Current, given by the inclination
of the sea surface, is in equilibrium with the Coriolis force due to the rotation of the
Earth. Thus, changes in the Falkland Current could be derived from direct measurements
of this pressure gradient, provided the geostrophic balance is corroborated with
73
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measurements of the Falkland Current velocity (Vassie et al., 1994). This could be
achieved by deploying bottom pressure recorders at both sides of the Falkland Current,
at locations which might coincide with cross-over points in the tracks of the satellite
TOPEX / Poseidon, in order to validate satellite altimetry data in the region. TOPEX /
Poseidon data is available since 1992 and is expected to be received also for the next few
years, thus representing a suitable data base for analysing the interannual variability of
the Falkland Current. This may also be pursued by the analysis o f coastal sea level
records, if a correlation can be determined between signals from tide gauges and those
from direct measurements of the Falkland Current.

Meteorological forcing is perhaps the most important source of variability in the
Patagonian Shelf circulation. Strong westerly winds are a permanent feature, interrupted
by the frequent passage of low pressure centres travelling to the east. This pattern may
respond to climate changes at global scale, such as ENSO (El Nino - the Southern
Oscillation) phenomena in the adjacent Pacific Ocean, and local changes in the currents
may affect fish populations by affecting transport of eggs and larvae, and thus
recruitment. Anomalous dispersion of eggs and larvae and selective fishing, might lead
to genetic drift and might alter the characteristics of a population. Furthermore, the
effects on populations of environmental perturbations, which may be changes in currents
or water temperature, might be amplified by non-linear biological mechanisms, resulting
in the large fluctuations often observed in nature (Higgins et al., 1997).

The Fisheries Department of the Falkland Islands Government (FIG-FD)
recognized that observed large fluctuations in squid fisheries may be related to changes
in the Falkland Current. Although squid swim very fast in their adult life (Vogel, 1987),
planktonic early life-history stages are usually vulnerable to the currents and may be
carried away from nursery grounds, resulting in high mortality and low recruitment.
Also, strong correlations have been found between water temperature and year-class
strength of fish. Hence, a primary goal is to understand the natural causes of interannual
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fluctuations, which result from the influence of the environment upon recruitment
dynamics of fish populations (Schumacher and Kendall, 1995; Walsh, 1987).

To model advection of eggs and larvae, it is fundamental to identify spawning
grounds and epochs, and if larvae follow a vertical migration pattern, which may or may
not be locked to the Sun. Some species follow the phases of the Moon, and consequently
are more influenced by the tides. It is known, for instance, that plaice in the North Sea
travel by “selective tidal stream transport”, by staying at the sea bed when the tidal
currents go in one direction, and moving into midwater when the currents reverse
(Metcalfe and Arnold, 1997). Also to consider is that circulation patterns in the wake of
islands and on submerged banks may increase residence times of larvae thus enhancing
recruitment (Mullineaux and Mills, 1997), which may be the case just north of the
1

|

Falklands and on Burwood Bank (Figure 38b), while abnormal conditions may have the

j

opposite effect. Following Schumacher and Kendall (1995), the phasing between

|
t

biological and physical processes determines the transport of larvae and presumably their

j

eventual recruitment.

Results from the model of Glorioso and Flather (1995) suggests that the probable
combination of a weak residual current that flows along the western side of the Islands,
with a tidal front that forms on the shallows that extent northwest from the Islands, may
play the crucial role of enhancing primary productivity to sustain fisheries. The Falkland
Current carries subantarctic water rich in nutrients, whose concentration might be
enhanced by resuspension at fronts around the Islands and on the Burdwood Bank.
Therefore, major fluctuations in this flow combination, in addition to implications related
to the Falkland Current and wind-driven currents, may influence the commercial catch
of squid.

Note also in Figure 38b the very low residual currents north of the Falkland
Islands, where a sheltering effect occurs whereby the general northward flow is deflected
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as it encounters the Islands from the south. This area of almost stagnant circulation might
be favourable for the development of planktonic early life-history stages o f fish and
squid, which are abundant in the region. If conditions were abnormal, for example
determined by strong wind events, eggs and larvae might be driven off this sheltered area
leading to starvation and low recruitment.

Rodhouse et al. (1992), and other studies referred to by the authors, suggest that
the major fisheries in the southwest Atlantic are related at some stage o f their life to the
Falkland Current. It is thought, for instance, that Illex argentinus squid spawn in the
Falkland Current and eggs then may be carried northward by the Current. O’Dor et al.
(1994) observed that adult Loligo forbesi squid moved in the vertical direction while
holding position in strong currents near seamounts, where mesoscale eddies develop. It
is fundamental then to determine the path of the Falkland Current around the Falkland
Islands and the Falkland Current variability, which may have caused recruitment failures
observed in the past.

Thus, the objectives of developing such a measurement programme may include
the following:

- to assemble an observational data set and implement a low-cost, long-term monitoring
system of the FC on the Patagonian Shelf, and validate existing numerical model,

- to improve understanding of the oceanographic environment from the new observations,
complemented with ongoing numerical modelling,

- to assess the impact of the variability of the oceanographic environment upon the
Loligo gahi squid fishery, identify the main causes of recruitment fluctuations associated
with changes in currents, and infer their effects upon other fisheries in the Patagonian
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Shelf,

-

to implement an advection-diffusion model to identify regions of retention or

dispersion o f planktonic early-life stages of squid and fish, and

- to foster the creation of a public-private partnership to support the long-term continuity
of the project, with the Falkland Islands Government and oil companies as key
participants.

In addition, measurements and monitoring of currents, preferably of its vertical
structure by means of acoustic Doppler current profilers and its horizontal variability at
the surface by means of HF radar, should be carried out near headlands where the sudden
reversal of the tidal currents may cause navigational hazards.

Wind-driven currents and surges should be assessed in relation to the
meteorological forcings, particularly along the coast in the Rio de la Plata and around the
Falkland Islands. In general, a hindcast study of extreme values should be carried out for
currents, waves and surges.

Further model developments should also involve the implementation of a wave
model, in order to investigate the effects of the strong tidal currents and the Falkland
Current upon the propagation and modulation of wind waves. Waves and swell in the
southwest Atlantic are usually high, and their height might be enhanced where they
propagate against currents.
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CONCLUSIONS

From this study of the circulation on the Patagonian Shelf in the context of
previous work found in the literature, it arises that the barotropic component of the flow,
comprising the tides, the Falkland Current and the wind-driven currents, dominates over
the baroclinic component. The barotropic flow responds to variations in the inclination
of the sea surface, while the baroclinic flow is related to variations in the density of the
water.

Thus the conclusions that can be derived regarding these components are:

1)

the tides on the Patagonian Shelf are dominated by the semidiurnal M2

constituent, whose energy, originated in the Pacific and South Atlantic Oceans, flows
onto the shelf where it is dissipated almost entirely. A fraction of this energy is the main
source for the generation of shallow-water constituents, particularly the fourth-diurnal
M4. Contributions from other astronomical and shallow-water tides to the total tidal
signal are non-negligible,

2)

the slope Falkland Current is properly reproduced by the model, which shows that

the tides influence its transport, and wind-driven currents add to its variability. The
Falkland Current is in geostrophic balance between the surface pressure gradient (given
by the sea surface elevation gradient) and the Coriolis force (given by the Earth’s
rotation), and is steered by the bottom topography,

3)

the wind-driven currents respond to the rapid variations in the weather patterns,

which are dominated by the eastward passage of cyclones, and although they flow in a
general northeast direction, they exhibit marked local variability given by the coastline
and bathymetry.
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OVERALL CONCLUSIONS

This work was conceived as an integrating study of the North Sea and the
Patagonian Shelf. Both regions have similar circulation characteristics: strong tidal and
wind-driven flows, and relatively weaker density-driven circulation. The North Sea, and
the NW European Shelf in general, have been intensively studied throughout the history
of oceanography, while the Patagonian Shelf circulation has remained virtually unknown.
Even so, the first part of this dissertation presents evidence of a phenomenon, inertial
oscillations, previously unreported in the Northern North Sea. Furthermore, the extensive
body of knowledge developed for the North Sea, that resulted for instance in advanced
numerical models, has proven applicable to the Patagonian Shelf. By these means, the
second part of this dissertation contributes with valuable information about the currents
and sea level variations in this new oceanographic frontier.

Thus, the conclusions derived from this work regarding the development o f a
study of the Patagonian Shelf in relation to the well known oceanography of the North
Sea can be stated as follows:

1)

even though the NW European Shelf, and particularly the North Sea, is a marginal

sea whose characteristics are fairly well-known, new high-resolution measurements of
the vertical structure of the Northern North Sea produced information on inertial
oscillations, interpreted as first baroclinic modes, not reported previously,

2)

when developments in a new frontier, such as the Patagonian Shelf, require

information about its oceanographic climate, the body of knowledge from a similar
region, such as the NW European Shelf, not only constitutes a frame of reference, but
also tools like numerical models, which have been extensively tested there, can be readily
implemented to the new region with only minor adjustments as this study shows,
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3)

the transfer of knowledge from one developed region to an emerging one resulted,

in the present case, in the description and understanding of the basic components of the
flow field on the Patagonian Shelf.
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TABLE 1
Details of the long-term moorings

Site

Instrument

Latitude

Longitude

z(m)

Start

End

A

Vaesat

59°40.03

01°00.34

2

06/09

07/11

A

S4

59°39.84

01 “00.75

5

15/09

11/09

A

S4

59°40.13

00“59.82

23

06/09

07/11

A

Aanderaa

59°40.13

00°59.82

40

06/09

29/10

A

Aanderaa

59°40.13

00 “59.82

65

06/09

07/11

A

Aanderaa

59°40.13

00“59.82

105

31/08

07/11

A

RDI-ADCP

59°39.92

00 “59.84

*

06/09

07/11

A

Thermistor

59° 39.87

01 “00.24

16-91

08/09

17/09

B

Thermistor

59°39.82

00“58.63

22-62

08/09

16/11

C

Thermistor

59°40.36

01“00.10

22-72

08/09

04/11

D

Thermistor

59° 40.00

00 “54.00

16-91

08/09

17/11

I

S4

59°53.55

01 “00.07

31

07/09

08/11

I

Aanderaa

59°53.55

01 “00.07

46

07/09

08/11

I

Aanderaa

59°53.55

01 “00.07

66

07/09

08/11

I

Aanderaa

59°53.55

01 “00.07

106

07/09

08/11

* RDI-ADCP bins from 19 m to 107 m every 8 m.
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TA BLE2

Z (m):

Meter:

Mean Amp:

Initial Phase:

Period (h):

2

Vaesat

14.3 (14.7)

282 (279)

13.815 13.828)

5

S4

12.8 (12.9)

282 (282)

13.831

13.837)

23

S4

15.5 (16.0)

292 (287)

13.855

13.867)

27

ADCP

13.5 (13.9)

279 (278)

13.824 13.837)

35

ADCP

10.3 (10.6)

285 (282)

13.854 13.865)

40

Aanderaa

4.5 (5.3)

113 (050)

13.468

43

ADCP

3.4 (4.1)

196 (067)

13.486 14.868)

51

ADCP

10.8 (11.0)

005 (109)

13.901

59

ADCP

10.7 (11.0)

104 (101)

13.887 13.891)

65

Aanderaa

8.7 (9.0)

101 (104)

13.849 13.843)

67

ADCP

9.5 (9.8)

099 (099)

13.840

13.838)

75

ADCP

8.5 (8.9)

101 (100)

13.818

13.818)

83

ADCP

7.6 (8.0)

106 (107)

13.822

13.826)

91

ADCP

6.7 (7.2)

096 (109)

13.833

13.837)

99

ADCP

5.9 (6.4)

112 (112)

13.839

13.843)

105

Aanderaa

4.5 (4.7)

106 (109)

13.846

13.843)

107

ADCP

5.0 (5.5)

112 (114)

13.853

13.854)

13.654)
12.839)

Note: this calculation corresponds to the filtered inertial signal (values in parenthesis
correspond to the non-tidal signal, as the raw data with the tides subtracted from them),
and is for the oscillations observed between 21 September and 01 October, when the
thermocline was at about 40-50m depth. The mean amplitude is in cms'1, the initial phase
in °, and the period in h. These computed periods are lower than the period of inertia at
the latitude o f site A, that is I3.869h, and indicate a downward flow of energy from the
wind at the surface to the lower levels of the water column.
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Figure 1. Main processes acting on the atmosphere-ocean environment. In the Northern North Sea,
exchange of heat at the sea surface generates a seasonal pycnocline, where enhanced shear by inertial
oscillations generated by storms produces mixing that erodes and deepens the seasonal stratification.
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Figure 2. Large scale circulation of the Northern North Sea (from Klein et al., 1994), where NAC:
North Atlantic Current, NC: Norwegian Current, NCC: Norwegian Coastal Current, FIC: Fair Isle
Current, AW: Atlantic Water, SCW: Scottish Coastal Water, NSW: North Sea water. The locations
N, to Ng and M6 to M l0 correspond to moorings deployed during the NORA and MOVENS field
programs described in Klein et al. (1994).
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Figure 3. Location of the moorings sites and the meteorological station (oil rig). Most of the data
analysed in this study was taken from the main mooring at site A. The 200m depth contour intercepts
the y-axis on the left at 60°N and the one on the right at 58°N. and runs along the Norwegian coast.
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Figure 4. Initial (6 Sep) and final (7 Nov) temperature profiles at site A, showing the high resolution
achieved by the measurements in the water column, and the erosion and deepening of the seasonal
thermocline during the period of observations. The depths o f thermistors correspond to site C, from
where temperature data were used in this study due to a malfunction in the recorder at site A.
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Figure 5. Typical velocity spectra of clockwise and anticlockwise components at site A, showing the
main peaks at the tidal frequencies and the identification of the (clockwise) component at the inertia
frequency (1).
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Figure 6. Meteorological data taken at the oil rig, showing (from top to bottom) the difference
between the sea surface temperature (SST) and the air temperature, the atmospheric pressure
variation where the passage o f low-pressure centres can be identified, the wind velocity stick plot,
and the height of waves, where the peak on 18-19 October was due to a severe storm.
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Figure 7. Daily weather maps for September 1991 showing the passage of low-pressure centres.
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Figure 8. Daily weather maps for October 1991 showing the passage of the severest storm on 17th.
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Figure 9. Temperature time series at site C showing the best record of the deployments, due to
failure of thermistors at other sites. The oscillations are due to the vertical movement of the
thermocline around the thermistor at that depth indicating the deepening of the thermocline with time.
Note also the cooling of the surface mixed layer due to the storm on 17-18 October.
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Figure 10. Temperature spectra above, at and below the thermocline (37, 42 and 47m, respectively),
where the vertical lines depict the semidiurnal (Mj), diurnal (O,) and inertial (I) frequencies.
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Figure I la. North-South velocity component at site A - total record at selected depths measured by
different instruments as indicated in Table 1.
105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

—40

06

13

September

20

27

04

11

October

18

25

01

08

Nov.’91

Figure 1lb. North-South velocity component at site A - tidal record reconstructed after separating
the tides by harmonic analysis of the total currents.
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Figure 11c. North-South velocity component at site A - detided record as the observed signal with
tides subtracted after the harmonic analysis. Note that those oscillations that remain, in particular
around 27 September, are hence non-tidal and are described in this study as inertial oscillations.
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Figure l i d . North-South velocity component at site A - low-frequency record that results from the
filtering of the observed record with a low-pass spectral filter.
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Figure 1le. Detided record expanded from Figure I lc. The vertical lines, drawn approximately every
3 days, link oscillations in the surface layer (above 40 m) shifted 180° from those in the layer below
the thermocline, whose depth in this period deepened from about 40m on 20 September to about 55m
on 11 October (see Figure 9).
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Figure 12a. Total record progressive vector diagrams at different depths indicating the path that
floater might have followed during the period of the observations.
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Figure 12c. Inertial (filtered) record progressive vector diagrams at different depths showing the
circular path characteristic o f inertial oscillations.
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amplitude, <£n, o f the first 4 baroclinic modes. Phase speeds, cn, in ms'1, are shown at the lower right
comer.
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Figure 14. Inertial record of the North-South velocity component at site A, that resulted from the
spectral filtering of the detided signal The dotted vertical line depicts the 180° change of phase across
the thermocline (at 43 m), a basic characteristic of the first baroclinic mode.
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Figure 15. Main group of inertial oscillations used to compute the parameters of Table 2. The EW
and NS velocity components and the linear fit to the plot of arctan(u/v) against time are referred to
the same scale in the y-axis (see text for details).
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Figure 16. Wind speed and inertial current amplitude integrated in the vertical direction (by adding
speed time series from all depths), where most o f the peaks of inertial oscillations can be correlated
to wind events. It must be kept in mind that wind pulses are the most effective way to start inertial
currents, but also that they can cancel existing inertial currents if they blow in opposite direction to
surface currents from previous events.
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Figure 17. Contours of the North-South inertial velocity component at 5, 10 and 15 cm s'1, ie for
north-going current (the 5 cm s'1level is the most spread, while the 15 cm s'1contour only appears
as a maximum between 25 and 30 m depth around 24 September) showing the extent o f the main
group o f oscillations and the change in phase at the thermocline depth.
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Figure 18. Record of bottom pressure (decibar units correspond approximately to meters) showing
the large reduction in bottom pressure, or height of the water column, associated to the strongest
storm on 18 October.
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Figure 19. Diagram o f inertial motion generation (from The Open University. 1989) illustrating the
response o f the ocean to the passage o f (cyclonic) low-pressure centres (left). like the ones described
in this study, that cause convergence and divergence and hence vertical motion (inertial pumping) at
the thermocline.
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series showing a consistent reduction of the Rj around 27 September, due to the increase in shear at
the thermocline depth by the main group of inertial oscillations, suggesting that mixing across the
thermocline takes place during these events. These calculations were performed with records at 35m
and 51m depth.
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Figure 21. Map of the model domain, showing the wide Patagonian Shelf and the abrupt shelf break
(isobaths in metres at 5, 10, every 25 up to 200 and every 250 up to 5500 m, and bottom relief
indicated by the grey shading where the steeper the gradient the darker the shade). The main locales
are named in the figure, as well as the 25 ports referred to in the text. Tierra del Fuego, from 52.5 °S
to the south, extents east to Isla de los Estados at about 55°S and 64°W.
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Figure 22. Comparison of the tidal solution with table readings. The tidal elevation signal from the
model (solid line) is compared with readings of high- and low-water predictions (joined by the dotted
line) from the Admiralty Tide tables. The times of new and full moon are indicated by the black and
white circles, respectively, along the x-axis.
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Figure 23. Comparison of M2 amplitude with observations along the coast for the 25 ports indicated
along the coastline in Figure 21. The dots (top) show the model solution at 4 grid points offshore
from the assumed location of the tide gauges, in a region where the tidal elevation grows very
rapidly in a short distance towards the coast. A better comparison is achieved when the bottom
friction coefficient is adjusted near the coast (bottom).
123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

o,
am plitude (cm )
phase (d tg )

K,
tldol «<lips«s
0.25 m s

tidal ellipses
0.25 m s'*

ZZZ/.X

mx/
Wf
m
/y/
m hi

4 ' M m ..........
f f ***f-i-4-* * • « * /..
* * XXt

Figure 24. Cotidal charts and tidal current ellipses of main diurnal tides K, and O,, showing the
enhancement of currents (bottom) on the outer shelf and on Burwood Bank by topographic effects.
The rotation of the ellipses is clockwise within the shaded areas.
124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

amplitude (cm )
phase (d ig )

am plitude (cm )
phase (dag)

tidal ellipses

tidal ellipses
0.25 m s

j.

>'«>N

o< *

*

^ \ y y »\v v . . . .

Figure 25. Cotidal charts and tidal current ellipses of main semidiurnal tides Mz and S2, showing the
large amplification of the tide in Bahia Grande (top, at 5 1°S) where the major axes o f the ellipses
converge (bottom). The rotation of the ellipses is clockwise within the shaded areas.
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Figure 26. Perspective view of sea surface variation in a tidal cycle seen from the east and limited
to the subregion indicated in Figure 21. The sequence shows one tidal cycle in a typical day every
3 hours. The tide enters the subregion from the left-hand side (south), where the range is about 8
m, and leaves on the right-hand side (north), where the range is 0.8 m, suggesting large dissipation
of energy within the subregion. Note that two headlands: the southern end of Golfo San Jorge and
Peninsula Valdes, act as nodal “points” where the tide is in opposite phase across these headlands.
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Figure 27. Depth-mean currents in a tidal cycle (clockwise from top left), where frames correspond
to those in Figure 26, showing the tidal currents and including the Falkland Current, which flows
to the north between the 200 and 2000 m isobaths. Note that the strong currents across the southern
end of Golfo San Jorge and NE of Peninsula Valdes, are generated by large differences in sea
surface elevation, depicted in Figure 26, that induce strong pressure gradients.
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Figure 28. Vertical sections o f currents at the time of reversal o f the tide, corresponding to Figures
26 and 27. The location of sections A and B is indicated in Figure 21. The reversal of the tide is rapid,
but strong vertical and horizontal shear is generated. Contours depict alongshore currents, where
solid ones indicate northward direction and dotted ones southward with negative labels.
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Figure 29. Cotidai charts and current ellipses o f main fourth-diurnal tides M4 and MN4. The rotation
of the ellipses is clockwise within the shaded areas.
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Figure 30. Energy flux vectors of the M2 tide showing that the Patagonian Shelf behaves as an
“infinite channel” where practically all the energy that propagates into it is dissipated. The dots depict
the location of amphidromes, and the contours of 90° ± 15° indicate where the standing wave
component of the tide dominates. Note that both cases have associated zero energy flux.
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Figure 31. Mean energy dissipation rate in Wm2 of the M2 tide, which is the dominant tide on the
Patagonian Shelf, showing the localized dissipation due to strong currents near the coast.
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Figure 32. Mean position of tidal fronts, which separate well-mixed water from water that stratifies
in spring and summer due to the increase in solar radiation, depicted by contours o f the SimpsonHunter parameter. The 2.3 contour shows the position of fronts in agreement with infrared satellite
images. Note the correlation with regions of high tidal energy dissipation shown in Figure 31.
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Figure 33. Energy flux vectors of the M4 tide, which is generated by M2 mainly near the coast at
51°S, from where it propagates offshore. At that location M2 reaches its maximum amplitude,
suggesting that M4 is generated by the nonlinear advective term in the continuity equation.
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Figure 34. Age of the semidiurnal tide (in hours), where large values indicate regions of resonance.
The large region o f negative values is discussed in the text.
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Figure 35. Energy flux vectors of the O, tide showing the formation of gyres at the shelf edge,
associated with enhanced currents by topographic effects.
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Figure 36. Tides and Falkland Current on 19 April 1995 at 0200 UT showing a typical “snapshot”
of the currents when the tide begins to flood Bahia Grande and Golfo San Matias. The Falkland
Current flows to the north between the 200m and 2000m isobaths.
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Figure 37. Tides and Falkland Current on 19 April 1995 at 0830 UT showing the opposite phase of
the tide (cf Figure 36). Note the transient eddy that develops northeast o f the Falkland Islands and
the enhancement o f currents over Burdwood Bank.
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Figure 38a. Depth- and time-averaged currents (over one month), where the flow included the tides
and the Falkland Current. Contours indicate the variation in sea surface elevation associated with the
geostrophic balance that sustains the Falkland Current. Vectors are drawn at every other point.
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Figure 38b. Same as Figure 38a for the Falkland Islands region and with current vectors drawn at
every grid point, hence showing the full resolution of the model.
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Figure 39. Development of a (clockwise) cyclonic low pressure center from ECMWF data, showing
the intensification of winds over the Patagonian Plateau, the blocking o f the cyclone by the general
anticlockwise circulation in the South Atlantic (top), and the resulting generation of a small
anticyclonic circulation cell offshore the Rio de la Plata (bottom). Contours are of atmospheric
pressure at sea level, hence denoting land masses, and vectors are wind at 10m level at arbitrary scale.
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Figure 40. Wind stresses related to the passage of a cyclone (shown in Figure 39), whose center was
offshore east of the Falkland Islands on 9 February 1992 at 18h. These wind fields were used in the
Patagonian Shelf model to generate wind-driven currents and surges (shown in Figure 41).
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Figure 41. Wind-driven currents and surges generated by wind fields shown in Figure 40. The coastal
current in the north and the surge into the Rio de la Plata are well-known features, as well as the
current along the SW coast o f the Falkland Islands.
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